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PPARATUS FOR SHAPING SEMISOLID METALS 



Background of the Invention 

This invention relates to a method of shaping 
5 semisolid metals. More particularly, the invention 
relates to a method of shaping semisolid metals, in 
which^liquid alloy having crystal nuclei at a 
temperature not lower than the liquidus temperature or 
a partially solid, partially liquid alloy having 
10 crystal nuclei at a temperature not lower than a 

molding temperature is, fed into an insulated vessel 
^ - having^heat i-ncutat^i]^ holding the alloy for a 

period from 5 seconds to 60 minutes as it is cooled to 
the molding temperature where a specified fraction 
15 liquid is established, thereby generating fine primary 
crystals in- the alloy sM-ation and the alloy is shaped 
under pressure. The invention also relates to an 

apparatus for implementing this method. 

i. 

Various methods for shaping semisolid metals are 
known in the art . A thixo-casting process is drawing 
f) x oGoarchcr f "G attention these days since it involves a 

, j fewer molding defects and segregations , produces uniform 

j metallographic structures and features longer mold 

i lives but shorter molding cycles than the existing 

25 casting techniques. T^e^bllle^s used in this molding 

method (A) are characterfM by spheroidized structures 
obtained by either performing mechanical or 
electromagnetic agitation in temperature ranges that 
produce semisolid metals or by taking advantage of 
30 recrystallization of worked metals. On the other hand, 
raw materials cast by the existing, methods may be 
molded in a semisolid state. There are three examples 
of this approach; the first two concern magnesium 
alloys that will easily produce an equiaxed 
35 microstructure and Zr is added to induce the formation 
of finer crystals [method (B) ] or a. carbonaceous 
refiner is added for the same purpose [method (C) ] ; the 
third approach concerns aluminum alloy and a master 
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alloy comprising an Al-5% Ti-1% B system is added as a 
refiner in amounts ranging from 2-10 times the 
conventional amount [method (D) ] . The raw materials 
prepared by these methods are heated to temperature 
ranges that produce semisolid metals and the resulting 
primary crystals are spheroidized before molding. It is 
also known that alloys within a solubility limit are 
heated fairly rapidly up to a temperature near the 
solidus line and, thereafter, in order to ensure a 
uniform temperature profile through the raw material 
while avoiding local melting, the alloy is slowly 
heated to an appropriate temperature beyond the solidus 
line so that the material becomes sufficiently soft to 
be molded [method (E) ] . 

These methods in which billets are molded after 
they are heated to temperatures that produce semisolid 
metals are in sharp contrast with a rheo-casting 
process (F) , in which molten metals containing 
spherical primary crystals are produced continuously 
and molded as such without being solidified to billets. 
However, the above-described conventional methods 



have their own problems- -me4rhe^ (A) is cumbersome and 
the production cost is high irrespective of whether the 
agitation or recrystallization technique is utilized. 
When applied to magnesium alloys, method (B) is 
economically disadvantageous since Zr is an expensive 
element and speaking of method (C) , in order to ensure 
that carbonaceous refiners will exhibit their function 
to the fullest extent, the addition of Be as an 
oxidation control element has to be reduced to a level 
as low as about 7 ppm but then the alloy is prone to 
burn by oxidation during the heat treatment just prior 
to molding and this is inconvenient in operations. 

In the case of aluminum alloys, about 500 fim is 
the size that can be achieved by the mere addition of 
refiners and it is not easy to obtain crystal grains 
finer than 100 /im. To solve this problem, increased 
amounts of refiners are added in method (D) but this is 





industrially difficult to implement because the added 
refiners are prone to settle on the bottom of the 
furnace; furthermore, the method is costly. Method (E) 
is a thixo-casting process which is characterized by 
heating the raw material slowly after the temperature 
has exceeded the solidus line such that the raw 
material is uniformly heated and spheroidized . In fact, 
however, an ordinary dendritic microstructure will not 
transform to a thixotropic structure (in which the 
primary dendrites have been spheroidized) . What is 
more, thixo-casting methods (A) - (E) have a common 
problem in that they are more costly than the existing 
casting methods because in order to perform molding in 
the semisolid state, the liquid phase must first be 
solidified to prepare a billet, which is heated again 
to a temperature range that produces a semisolid metal. 
In contrast, method (F) which continuously generates 
and supplies a molten metal containing spherical 
primary crystals is more advantageous than the 
thixocasting approach from the viewpoint of cost and 
energy but, on the other hand, the machine to be 
installed for producing a metal material consisting of 
a spherical structure and a liquid phase requires 
cumbersome procedures to assure effective operative 
association with the casting machine to yield the final 
product . 

The present invention has been accomplished under 
these circumstances and has as an object providing a 
method that does not use billets or any cumbersome 
procedures but which ensures convenience and ease in 
the production of semisolid metals having fine primary 
crystals and shaping them under pressure. 

Another object of the invention is to provide an 
apparatus that can implement this method. 
Summary of the Invention 

The first object of the invention can be attained 

bvth^. ^method of shaping a semisolid metal - cooitcd in 

-eToS n — I, in which a liquid alloy having crystal nuclei 
A 
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at a temperature not lower than the liquidus 
temperature or a partially solid, partially liquid 
alloy having crystal nuclei at a temperature not lower 
than a molding temperature is fed into an insulated 
5 vessel having a heat insulating effect, held in said 
insulated vessel for a period from 5 seconds to 60 
minutes as it is cooled to the molding temperature 
where a specified fraction liquid is established, 
thereby crystallizing primary crystals in the alloy 
10 solution, and the alloy is fed into a forming mold, 
A where it is shaped un^^ pressure. 

s^^t'^k^ tQ /^ laj - m ^ the cr Y s *-al nuclei ^- n e ntione -d-, 
/^Jh^^^y in Glaj - m \ are generated by contacting the molten alloy 
' with a surface of a jig at a temperature lower than the 
15 melting point of said alloy which has been held 
superheated to less than 3 00t above the liquidus 
^temperature. * 
^PvWC^^V' According to ' Claim — 3 , the 1 ig * mentioned ±n claim 2-» 
is a metallic or nonmetallic jig, or a metallic jig 
20 having a surface coated with nonmetallic materials or 
semiconductors, or a metallic jig compounded of 
nonmetallic materials or semiconductor, with said jig 
being adapted to be coolable from either inside or 
outside. 



{*> 25 ^ According to -e laim -^jr, the crystal nuclei - montionod- 

Jfa/$fyy in +g 4r a-i m--i — ere — ^ are generated by applying vibrations to 
/ the molten metal in contact with either the jig or the 
insulated vessel or both. 
^^J^S^ ^^According to -e- lai-iu is , the alloy -me ntioned in claim 
^JlffO^^-^ — or 2^ is an aluminum alloy of a composition within a 




maximum solubility limit or a hypoeutectic aluminum 
alloy of a composition at or above a maximum solubility 
tlimit. gfO 
^Q^^vV^/ ^pcording to --©4ra*m— 6", the alloy m e ntioned i n cla 4ja» 

a magnesium alloy of a composition within a 



r \ \ maximum solubility limi^^ 

According to -o - laim > , the aluminum alloy -me-R-tiuiied- 



&*JtP>P> in^Jrai»^has 0.001% - 0.01% B and 0.005 



% - 0 . 3% Ti 



5 



added thereto. I / ^)4^ ^ f i 
a , A? According to •qiaiB^B, the magnesium alloy 

j£^oJjc&* / mentioned iiv claim 6 ^ is one hav|Lng^ 0^. 0/0 5% ^0.1% Sr 

/ added thereto, or one having /o .'0 1% - 1.5% Si| and 0.005% 
5 - 0.1% Sr added thereto,/ or one having 0.05% - 0.30% Ca 



added thereto. /£/JL 




According to - claim a molten aluminum alloy held 

/ superheated to less than 100t above the liquidus 

temperature is directly poured into an insulated vessel 
10V without using a jig. /^/^ 
< 0wWn^^> According to « e 1 Q r ilm r~Yf£ , a molten magnesium alloy 

^ held superheated to less than 1001 above the liquidus 

temperature is directly poured into an insulated vessel 
without using a jig. p£4f~ 
^J^sjJt&X^fe According to - el - aim — 3r£, liquid alloy having crystal 

nuclei that has been superheated by a degree (X T) of 
less than lOt above the liquidus line is held in. an 
insulated vessel for a period from 5 seconds to 60 
minutes as it is cooled to a molding temperature where 
2o & specified fraction liquid is established, such that 
the cooling from the initial temperature at which said 
alloy is held in said insulated vessel to its liquidus 
temperature is completed within a time shorter than the 
time Y (in minutes) calculated by the relation Y=10-X 
25 and that the period of cooling from said initial 
temperature to a temperature 5t lower than said 
liquidus temperature is not longer than 15 minutes, 
whereby fine primary crystals are crystallized in the 
alloy solution, which is then fed into a forming mold, 
where it is shaped underpressure. 

According to ciaim 1 2 , a partially solid, 
partially liquid alloy having crystal nuclei at a 
temperature not lower than a molding temperature is 
held within an insulated vessel for a period from 5 
35 seconds to 60 minutes as it is cooled to the molding 
temperature where a specified fraction liquid is 
established, such that the period of cooling from the 
initial temperature at which said alloy is held in said 




insulated vessel to a temperature 5t lower than its 
liquidus temperature is not longer than 15 minutes, 
whereby fine primary crystals are crystallized in the 
alloy solution, which is then fed into a forming mold, 
5 V where it is shaped under pressure 



According to claim -Hh, tJi^ crystal nuclei 

Qfa&A/fc^^J^ » mQntiono d-"~irE r ■e ^L aJja k4 or — ir^ are generated by holding a 

/< molten alloy superheated to less than 300t above the 

liquidus temperature and contacting the melt with a 
10 surface of a j ig at a lower temperature than its 
melting point. 

The second object of the invention can be attained 




by the apparatus irocitaJ in ^laiAi 14 - which is for 

/\ 

producing a semisolid forming metal having fine primary 
15 crystals dispersed in a liquid phase, said apparatus 
comprising a nucleus generating section that causes a 
molten metal to contact a cooling jig to generate 
crystal nuclei in the solution and a crystal generating 
section having an insulated vessel in which the metal 
20 obtained in said nucleus generating section is held as 
it is cooled to a molding temperature at which said 
^^J^fy^^K met - al is Partially solid^^jsartially liquid. 

— — rc According to claim 15 , the cooling jig in the, 

^/nucleus generating- section . mentione d — irn — claim — f4^is 
25 either an inclined flat plate that has an internal 
channel for a cooling medium and that has a pair of 
weirs provided on the top surface parallel to the flow 
v of the melt, or a cylindrical or semicy lindrical tube. 
^y^^Ol^^ According to - claim liquid alloy having crystal 

3jK^ nuclei at a temperature not lower than the liquidus 
temperature or a partially solid, partially liquid 
having crystal nuclei at a temperature not lower than a 
molding temperature is poured into a vessel so that it 
is cooled to a temperature at which a fraction solid 
35 appropriate for shaping is established, said vessel 
being adapted to be heatable. or coolable from either 
inside or outside, being made of a material having a 
thermal conductivity of at least 1.0 kcal/hr-m't (at 



i 



room temperature) and being held at a temperature not 
higher than the liquidus temperature of said alloy 
prior to its pouring, and said alloy is poured into 
said vessel in such a manner that fine, nondendritic 
primary crystals are crystallized in said alloy 
solution and that said alloy is cooled rapidly enough 
to be provided with a uniform temperature profile in 
said vessel, and said alloy, after being cooled, is fed 
into a forming mold, where it is shaped under pressure. 



alloy - montio - nod in ; claim — 3rfr is performed with the top 
and bottom portions "of the vessel being heated by a 
greater degree than the middle portion or heat- retained 
with a heat-retaining material having a thermal 
conductivity of less than 1.0 kcal/hr*nrt or with 
either the top or bottom portion of the vessel being 
heated while the remainder-is heat-retained. 



According to -e-t-ariro — 3r8*, the step of cooling the 
alloy mentioned in claim — h€y^ is 7 performed with the 
vessel holding said alloy being accommodated in an 
outer vessel that is capable of accommodating said 
alloy holding vessel and that has a smaller thermal 
conductivity than said holding vessel, or that has a 
thermal conductivity equal to or greater than that of 
said holding vessel and which has a higher initial 
temperature than said holding vessel, or that is spaced 
from said holding vessel by a gas-filled gap, at a 
sufficiently rapid cooling rate to provide a uniform 
temperature profile through the alloy in said holding 
vessel no later than the start of the shaping step. 

According to -e±SiS=F9 , there is provided a method 
of managing the temperature of a semisolid metal slurry 
for use in molding equipment in which a molten metal 
containing a large number of crystal nuclei is poured 
into a vessel, where it is cooled to produce a 
semisolid metal slurry containing both a solid and a 
liquid phase in specified amounts, said slurry being 
subsequently fed into a molding machine for shaping 



According 




step of cooling the 
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under pressure, which method is characterized in that 
the vessel for holding said molten metal is temperature- 
managed such as to establish a preset desired 
temperature prior to the pouring of said molten metal 
and such that said molten metal is cooled at an 
intended rate after said molten metal is poured into 

said vesse1 ' 63/ 

Jfr&A*???! \ According to claim 2-0 , there is provided an 

X apparatus for managing the temperature of a semisolid 
10 metal slurry to be used in molding equipment in which a 
molten metal containing a large number of crystal 
nuclei is poured from a melt holding furnace into a 
vessel, where it is cooled to produce a semisolid metal 
slurry containing both a solid and a liquid phase in 
15 specified amounts and in which said slurry is directly 
fed into a molding machine for shaping under pressure, 
which apparatus is further characterized by compriseing 
the vessel for holding said molten metal, a vessel 
temperature control section for managing the 
20 temperature of said vessel, a semisolid metal cooling 
section for managing the temperature of the as-poured 
molten metal such that it is cooled at an intended 
rate, and a vessel transport mechanism comprising 
basically a robot for gripping, moving and transporting 
25 said vessel and a conveyor for carrying, moving and 



Jh/y^^^ transporting said vessel^^ 
J}t*^ According to ^iaim— 3-4 , t 




According to *cJ. aim 2-i , the vessel temperature 
control section .iae ntion -ecU- in -claim — 2-©^ comprises a 
vessel cooling furnace for cooling the vessel in an 
30 ambient temperature not higher than a target 

temperature for the vessel and a vessel heat-retaining 
furnace for holding the vessel at an ambient 
tern P erature equal to sa^^arget temperature. 
^P**^ — 5^-"^ According to~G- laim 2^ , Uie^semisolid metal cooling 




sect ion -mentione d — ±** — e la fan — 3-3- Comprises a semisolid 

A 

metal cooling furnace and a semisolid metal annealing 
furnace for managing the temperature in itself to be 
higher than the temperature in said semisolid metal 
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cooling furnace, 

According to- cl - aim 2 3, the semisolid metal cooling 

furnace in the semiso^Ul metal cooling section 

ja Mtion e d in — is such that the area around the 

A 

vessel carried on the conveyor device moving to pass 

through said furnace is partitioned into three regions, 

the upper, middle and lower parts, by means of two 

pairs of heat insulating plate, one pair consisting of 

an upper right and an upper left plate and the other 

pair consisting of a lower right and a lower left 

plate, with a heater being installed in both said upper 

and lower parts for heating said two parts at a higher 

temperature than hot air to be supplied to said central 

part. ftj r 

According to claim 24 , a preheating furnace is 

A 

installed at a stage prior, to the semisolid metal 

cooling furnace in claim— ?B to ensure that both a 

A 

plinth having a lower thermal conductivity than the 
vessel and which carries said vessel before it is 
directed to said semisolid metal cooling furnace and a 
lid having a lower thermal conductivity than said 
vessel and which is to be placed to cover it after it 
accommodates said molten metal are preheated by being 
moved to pass through said preheating furnace in 
advance. 1$<f-0 

According to o-l ori-m- 2 5 , the semisolid metal cooling 

A 

furnace is equipped with a control unit with which the 

temperature or the velocity of hot air to be supplied 

into said semisolid metal cooling furnace is controlled 

to vary with the lapse of time. 

Qf 1 

According to -eri^ Tiu 2 6 , the semisolid metal cooling 

A /3 -fa- 
furnace mentioned in G - laim 22 comprises an array of 

housings each accommodating the vessel as it contains 

the molten metal and being equipped with an openable 

cover and hot air feed/exhaust pipes, as well as a 

mechanism by which a receptacle for carrying , said 

vessel is rotated about a vertical shaft. 

According to ^±&ifi^^, a vibrator for vibrat' 

A 
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the receptacle - montionod in — cJLaiiir'^ is provided for 

each housing. /2rf~S~ ^ 

According to e-3ra-±m — , the semisolid metal cooling 
furnace for treating the molten metal as poured into a 
vessel having a thermal conductivity of at least 1.0 
kcal/hr • m* T is supplied with hot air having a 
temperature in the range from 150t to 350t for aluminum 
alloys and from 200t to^4^3t for magnesium alloys. 

According to elai - m — g-9 , the semisolid metal cooling 
furnace for treating" the molten metal as poured into a 
vessel having a thermal conductivity of less than 1.0 
kcal/hr* m* t is supplied with hot air having a 
temperature in range from 50t to 200t for aluminum 
alloys and from lOOt to ^j^Oft for magnesium alloys. 

According to olai -m — 3^ , the molten ^^^A as poured 
into the insulated vessel in -claim — 1 — or 2 is isolated 
from the ambient atmosphere by closing the top surface 
of said vessel with an insulating lid having a heat 
insulating effect as long as said molten metal is held 
within said vessel until the molding temperature is 
reached. ^ 0 

According to^G -laim — 9-^, the alloy in .e-laim — 1 — err — 2r A 
is specified to a zinc aj^.oy . 



£r7 

According to" «erb-a-iin— 3-2^ the alloy in claim — 1 — or 2 » 




A 

A' * — ~ 4 

is specified to a hypereutectic Al-Si alloy having 

0.005% - 0.03% P added thereto or a hypereutectic Al-Si 

alloy containing 0.005% - 0.03% P having either 0.005% - 

0.03% Sr or 0.001% - 0.01% Na or both added thereto. 

According to ©iari-ra — 3-3, the alloy in claim 1 or 2 

A 

is specified to a hypoeutectic Al-Mg alloy containing 

Mg in an amount not exceeding a maximum solubility 

limit and which has Q.3%^-,,2.5% Si added thereto. 

According to -ei-aHtm — 3-4-, the pressure forming in 

A 

claim 1 or 2 is accomplished with the alloy being 
inserted into a container on an extruding machine. 

wr 



According to -eiexm- 



the extruding machine is of 



either a horizontal or a vertical type or of such a 
horizontal type in which the container changes position 
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from being vertical to horizontal and the method of 
extrusion is either director indirect . 

According tq - -cl - a - im - 3fr , the crystal nuclei in js4a4^ 
-4- are generated by a method in which two or more liquid 
alloys having different melting points that are held 
superheated to less than 50t above the liquidus 
temperature are mixed either directly within the 
insulated vessel having a heat insulating effect or 
along a trough in a path into the insulated vessel, 
such that the temperature of the metal as mixed is 
either just above or be^ow the liquidus temperature. 

According to claim 3? ^ the two or more metals to 



be mixed in s La - im - 3- fr are preliminarily contacted with 

A 

respective jigs each having a cooling zone such as to 
produce metals of different melting points that have 
crystal nuclei and which have attained temperatures 
just either above or beLpw the liquidus temperature. 

According to -ejr a r iiu 3 *8 , the top surface of the 
semisolid metal that is held within the insulated 
vessel^^yid which is to be fed into the forming mold in 



^ c l aim — i is removed by means of either a metallic or 
nonmetallic jig during a period from just after the 
pouring into said vessel but before the molding 
temperature is reached and, thereafter, said semisolid 
metal is inserted into j^^injection sleeve. 

According to - claim 3-9 , the outer vessel in -claim - 
4-8^ is heated either f rom inside or outside or by 
induction heating, with such heating being performed 
only or before or after the insertion of the holding 
vessel into the outer vessel or continued throughout 
the period not only before but also after the 
insertion. /2>^4~ 

According to ^ieTliu the aluminum alloy in-ciaiflb 

is replaced by a zinc alloy. 

With these methods and apparatus of the invention, 
either liquid or partially solid, partially liquid 
alloys having crystal nuclei (as exemplified by molten 
Al and Mg alloys) are charged into an insulated vessel 
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having a heat, insulating effect and held there for a 
period from 5 seconds to 60 minutes as they are cooled 
to a molding temperature, whereby fine and spherical 
primary crystals are generated in the solution and the 
resulting semisolid alloy is fed into a mold, where it 
is pressure formed to produce a shaped part having a 
homogeneous micros tructure . 
Brief Description of the Drawings 

Fig, 1 is a diagram showing a process sequence for 
the semisolid forming of a hypoeutectic aluminum alloy 
having a composition at or above a maximum solubility 
limit ; 

Fig. 2 is a diagram showing a process sequence for 
the semisolid forming of a magnesium or aluminum alloy 
having a composition within a maximum solubility limit; 

Fig. 3 shows a process flow starting with the 
generation of spherical primary crystals and ending 
with the molding step; 

Fig. 4 shows diagrammatically the metallographic 
structures obtained in the respective steps shown in 
Fig. 3; 

Fig. 5 is an equilibrium phase diagram for an Al- 
Si alloy as a typical aluminum alloy system; 

Fig. 6 is an equilibrium phase diagram for a Mg-Al 
alloy as a typical magnesium alloy system; 

Fig. 7 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to the invention; 

Fig. 8 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to the prior art; 

Fig. 9 is a diagram showing a process sequence for 

the semisolid forming of hypoeutectic aluminum alloys 

having a composition at or above a maximum solubility 

limit according to examples of^^e invention (as 

- j^ooitcd i - n claims — i-i 13 cm d — Hy ; 

A 

Fig. 10 is a diagram showing a process sequence 
for the semisolid forming of magnesium or aluminum 
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alloys having a composition within a maximum solubility 
limit according to examples of the invention (as 
rceoited in - claims — H: — - — 1-3 — a»d — ; 

Fig. 11 is an equilibrium phase diagram for Al-Si 
alloys as a typical aluminum alloy system according to 
the invention (,as — recited in claimo — 1-4 — ' 13 — and 1*8 ) ; 

Fig. 12 is an equilibrium phase diagram for Mg-Al 

alloys as a typical magnesium alloy system according to 

the invention ( as rocitod in clafans U — = — 13=333^=3-1) ; 

A 

Fig. 13 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to the invention (-a^s — rocit - od in 



part^co 



cla - imo - 

Fig. 14 is a diagrammatic representation of a 

micrograph showing the metallographic structure of a 

shaped part according to the prior art (for comparison 

with the 4rRverrrfOTi — r e c it e d — i-^-clai-ms — i-i — £3 -) ; 

A 

Fig. 15 is a graph showing how the Jiolding time 
affects the crystal grain size of a ^ griO T — eH?fc alloy 
(AZ91) ; 

Fig. 16 is a graph showing how the folding time 



affects the crystal grain size of a ^p- ri'or — o r rt alloy 
(AC4CH) ; 

Fig. 17 is a graph showing how the degree of 
superheating of the - prior - art alloy AZ91 (above the 
liquidus line) and the holding time (from the initial 
temperature within an insulated vessel to the liquidus 
temperature) affect the crystal grain size of the 
alloy; 

Fig. 18 is a graph ^showing how the degree of 



jzJl alloy AC4H (above the 



superheating of the » 
liquidus line) and the holding time (from the initial 
temperature within the insulated vessel to the liquidus 
temperature) affect the crystal grain size of the 
alloy ; 

Fig. 19 is a graph showing how the holding time 
(from the initial temperature within the insulated 
vessel to the liquidus temperature minus 5t ) affects 
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the crystal grain size of the prior art alloy AZ91; 

Fig. 20 is a graph showing how the holding time 
(from the initial temperature within the insulated 
vessel to the liquidus temperature minus 5t ) affects 
the crystal grain size of the prior art alloy AC4CH; 

Fig. 21 is a side view of an apparatus for 
producing a semisolid forming metal according to an 
example of the invention (as — r^cJ-t-ed — i-n — e^ai«vs — 1-4 — a-Frdr 

m 

A 

Fig. 22 is a perspective view of a cooling jig as 
part of the nucleus generating section of the apparatus 

Fig.0^-3 — shows in cross section^ two types of a 
cooling jig as part of the nucleus generating section 
of an apparatus for producing a semisolid forming metal 
according to another example of the invention (-arS- 
- roci - t o d — La — c 1 a imc — ±A — and — ; 

Fig. 24 is a sectional side view of a cooling jig 
as part of the nucleus generating section of an 
apparatus for producing a semisolid forming metal 
according to yet another example of the invention £*s- 
^ni + <=*A— — c 1 alios — ±4 — and 

Fig. 25 -is a plan view showing the general layout 
of an apparatus for producing a semisolid forming metal 
according to another exaji^le of the invention (-a^s — 
■ goci - t r ed in — olaimo — 3r4 — a-ftd — ; 



inal section - A o: 



Fig. 26 .is a longitudinal section X»Ar-of Fig. 25; 

Fig. 27 is a longitudinal section © 

A 

Fig. 28 is a longitudinal section of an insulated 
vessel in the examples of the invention (-as — recited — ±rk 
-e-i-a-ifft-s — 1-4 — arrd 

A 

Fig. 29 shows a process flow starting with the 

generation of spherical primary crystals and endinc^^ 

with the mpJLdving / step ( a , G rc u iLod in claims — 3r6 — ai^d — ) ; 

P- i ^ g . — 3 Q c ompa res two graphs plotting the 
A 

temperature changes in the metal being cooled within a 
vessel during step 3 shown in Fig. 29; 

Fig . A -3^_JJ=i4ars^tx^re^ four methods of managing the 
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temperature within a vessel according to the invention 
Cas — ge citod -in claims — 1-6 — -a-n-d- 

A 

Fig. 32 shows a process flow starting with the 

generation of spherical primary crystals and ending 

with the molding^step according to the invention (as-* 

recited in claim — 3r8 ) ; 

A 

Fig - — 3~3 — compares^ the temperature profiles through 
two semisolid metals, one being held within a vessel 
according to an example of the invention — a .- ooitGd in 
and the other treated by the prior art; 

Fig. 34 is a diagrammatic representation of a 

micrograph showing the metallographic structure of a 

shaped part according to the prior art (for comparison 

with the jsju&ea- tion — r e cited — 5rPt — claim 1 ff j ; 

/I 

Fig. 35 is a diagrammatic representation of a 

micrograph showing the metallographic structure of a 

shaped part according to an example of the invention 

(-ae— r ecited - in cl - a Aaa — IA) ; 

A 

Fig. 36 is a plan view showing the general layout 
of molding equipment (its first embodiment) according 
o 

%\ 

A 

Fig. 37 is a plan view of a temperature management 
unit (its first embodiment) according to an example of 



to an example of the invention — re cited in olaim o — 3r9 

A- 



4? u 



the iw ention — rocitod — i« — claims. — 3-9- 

Fig. 38 ;Ls a - grapt ^howing the specific positions 
of temperature measurement within Vessel according to 
n example of the invention (*s — xe c - i4^ o d i - n claim s — 1-9 , 

Fig. 39 is a graph showing the temperature history 
of cooling within the vessel according t^ an example of 
the invention (-M — rcci - tcd — in claim s — 19 = — ; 

Fig. 40 is a graph showing the temperature history 
of cooling within the vessel according to another 
example of the invention (-a a rpr i t ed- in claims — 19 — -> 

Fig. 41 is a graph showing the temperature history 
of cooling within the vessel according to another 



temple of the invention Ca-s — i t in ^laimc ja. 

a' 



Fig. 42 is a longitudinal section of a semisolid 
metal cooling furnace according to another ^example of 
the invention Gars — recited in claimc — 3^9 



A 

Fig, 43 is a plan view of a temperature management 
unit (its second embodiment) according to other 
examples of the invention («ac r o c i t ed — ±rt — claims — h9 — 

Fig, 44 is a longitudinal section A A - of Fig. 43; 

■ F/g ^ — 4-5 — bhowb T the temperature profiles in the 
vessel fitted with heat insulators according to an ^g»y^r 

example of the invention rooitod — i-n — claim a — H) 3-9) 

as compared with the temperature profile in the absence 
of such heat insulators; 

Fig. 46 is a plan view of a temperature management 
unit (its third embodiment) according to another 
example of the invention (*ets — i=c o - it - e ti — in' claims — 5rS 

Fig. 47 shows schematically -tho — compo&i - tion — &S a 
temperature controller (its first embodiment) for a 
semisolid metal cooling furnace according to an example 
of the invention (-as — rooitod in claim s — 1-9- 

Fig. 48 shows schematically . tho c o mposition - o f a 
temperature controller (its second embodiment) for a 
semisolid metal cooling furnace according to another 
example of the invention (as— rooit o d in . cla 4rfa-s — £-9— 

Fig. 49 is a longitudinal section of a vessel 

rotating unit according to an example of the invention 

(-ees — rooited in claims — 3-9—— — 2-9-) ; 

A 

Fig. 50 is a plan view showing the general layout 

of molding equipment according to an example of the 

invention (a^i uuiLud in ilaiiu -s — 2-4 ) ; 

A 

Fig. 51 is a longitudinal sectional view showing 
— detail the position of temperature measurement 
within the holding vessel in the example shown in Fig. 




Fig, 52 is a graph showing the temperature history 
of cooling within the holding vessel in the example 
shown in Fig. 50; 

Fig. 53 is a longitudinal section of a semisolid 

metal cooling furnace ( equippe^^v^th a ves^el^gjlbrator ) 

according to the A^hird — omb o d i me rrt of the Mjwention 

A A 

- recited in olaimc — 2 4 2 -9 ; 

Fig. 54 shows a process flow starting with the 

generation of spherical primary crystals and ending 

with the molding £t~ep according to the invention (-a-s-* 

R ec ited in claim 3 - ^ ) ; 

Fig. 55 is a diagram showing a process sequence 

for the semisolid forming of a zinc alloy of a 

hypoeutectic composition according to the invention ■f ao - 

xa Gitod in — claim TT~) ; 

A 

Fig. 56 is an equilibrium phase diagram for a 

binary Zn-Al alloy as a typical zinc alloy system^ 

according to the invention (as — r&citod in claim 330 ; 

A 

Fig. 57 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped ^jpart according to the invention (-arS — r e ci-ted — ±** 

- Fig. 58 is a diagrammatic representation of 
micrograph showing the metallographic structure of a 
shaped part according to the prior art (for comparison 
with the ijw afltion — recited — im — claim 

A 

Fig. 59 is a diagram showing a process sequence 



for the semisolid forming of a hypereutectic Al-Si 
alloy according ^.o^^n example of the invention ( ask 
recited in- ula ' liu %\ ) ; 



A 

Fig. 60 shows a process flow starting with the 
generation of spherical primary crystals and ending 
with the molding step according to the example shown in 
Fig. 59; 

Fig. 61 shows diagrammatically the metallographic 
structures obtained in the respective steps shown in 
Fig. 60; 

Fig. 62 is an equilibrium phase diagram for a 



binary Al-Si alloy according to another example of the 

invention — recited- in o lra-arm— %£) ; 

A 

Fig. 63 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
§haj3ed part according to the Mivontion — recited in eHbarrai 

Fig. 64 is a diagrammatic representation of a 

micrograph showing the metallographic structure of a 

shaped part according to the prior^^, (for comparison 

with the in - vorrt r ion - reci t ed — in olai - m jj ?) ; 

Fig. 65 is an equilibrium phase diagram for a 

binary Al-Mg alloy according to the invention (*as , 

recited in claim -3-j ; 

A 

Fig. 66 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to an example of the invention 
(a-s — re cite d — i - n cl - aim jfe ) ; 

Fig. 67 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to the prior art (for comparison 
with the pA4 weirt r ion recita l— i-n — rlaim — 3-3*) ; 

Fig. 68 shows process flow starting with the 
generation of spherical primary crystals and ending 
with the molding step according, to an example of the 
invention (*s — r ecite d — i - n claimc — 3-4 — and 3 5 ) ; 

Fi - g 4 — 6-9 — frhow-s^two process sequences for the 
semisolid forming^ of a hypoeutectic aluminum alloy 
according to^n example of the invention (-a-s — recited in - 
- olaimc — 3-6 — and- 37 ^ 

Fig. 70 shows a process flow starting with the 
generation of spherical primary crystals and ending 
with the molding step according to the example shown in 
Fig. 69; 

Fig. 7 1 shows diagrammatical ly the metallographic 
structures obtained in the respective steps shown in 
Fig. 70; 

Fig. 72 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
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shaped part, according to the example shown in Fig. 69; 

Fig, 73 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to the prior art (for comparison 



Fig. 74 shows a process flow starting with the 

generation of spherical primary crystals and ending 

with the molding step according^ to an example of the 

invention ff*<= — i t Q rl in claim---3-fR . 

A 

Detailed Description of the Invention 

A liquid alloy having crystal nuclei at a 
temperature not lower than the liquidus line or a 
partially solid, partially liquid alloy having crystal 
nuclei at a temperature not lower than a molding 
temperature, as exemplified by a molten aluminum or 
magnesium alloy, is fed into an insulated vessel having 
a heat insulating effected, and the alloys are held in 
that vessel for a period from 5 seconds to 60 minutes 
as they are cooled to the molding temperature, thereby 
generating fine and spheroidized primary crystals in 
the alloy solution and the resulting semisolid alloy is 
fed into a mold, where it is pressure formed into a 
shaped part having a homogeneous micros tructure . 
Example 1 

Qqh? 1 example of the invention (a-s — ^eo - ite -d — Ln — claimc ■ 
^— A-^) will now be described in detail with reference 
to accompanying Figs. 1-8, in which: Fig. 1 is a 
diagram showing a process sequence for the semisolid 
forming of a hypoeutectic aluminum alloy having a 
composition at or above a maximum solubility limit; 
Fig. 2 is a diagram showing a process sequence for the 
semisolid forming of a magnesium or aluminum alloy 
having a composition within a maximum solubility limit; 
Fig. 3 shows a process flow starting with the 
generation of spherical primary crystals and ending 
with the molding step; Fig. 4 shows diagrammatically 
the metallographic structures obtained in the 
respective steps shown in Fig. 3; Fig. 5 is an 



with the invant db-on — recited in -c-3rarriTrs — 3-€ — a» 




and 
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equilibrium phase diagram for an Al-Si alloy as a 
typical aluminum alloy system; Fig. 6 is an equilibrium 
phase diagram for a Mg-Al alloy as a typical magnesium 
alloy system; Fig. 7 is a diagrammatic representation 
5 of a micrograph showing the metallographic structure of 
a shaped part according to the invention; and Fig. 8 is 
a diagrammatic representation of a micrograph showing 
the metallographic structure of a shaped part according 
to the prior art. 
20 As shown in Figs. 1, 2, 5 and 6 the first step of 

the process according v to the invention comprises: 

(1) superheating the melt of a hypoeutectic aluminum 
alloy of a composition at or above a maximum solubility 
limit or a magnesium or aluminum alloy of a composition 

25 within a maximum solubility limit, holding the melt 
superheated to less than 300t above the liquidus 
temperature and contacting the. melt with a surface of a 
jig at a lower temperature than its melting point so as 
to generate crystal nuclei in the alloy solution; or 

2o alternatively, 

(2) superheating the melt of an aluminum or magnesium 
alloy containing an element for promoting the 
generation of crystal nuclei, holding the melt 
superheated to less than lOOt above the liquidus 

25 temperature. 

The cooled molten alloy prepared in (1) is poured 
into an insulated vessel having a heat insulating 
effect and, in the case of (2), the melt is directly 
poured into the insulated vessel without being cooled 

30 with a jig. The melt is held within the insulated 

vessel for a period from 5 seconds to 60 minutes at a 
temperature not higher than the liquidus temperature 
but higher than the eutectic or solidus temperature, 
whereby a large number of fine spherical primary 

35 crystals are generated in the alloy, which is then 
shaped at a specified fraction liquid. 

The term "a specified fraction liquid" means a 
relative proportion of the liquid phase which is 

1 
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suitable for pressure forming. In high-pressure casting 
operations such as die casting and squeeze casting, the 
fraction liquid ranges from 20% to 90%, preferably from 
30% to 70%. If the fraction liquid is less than 30%, 
the formability of the raw material is poor; above 70%, 
the raw material is so soft that it is not* only 
difficult to handle but also less likely to produce a 
homogeneous microstructure . In extruding and forging 
operations, the fraction liquid ranges from 0.1% to 
70%, preferably from 0.1% to 50%, beyond which an 
inhomogeneous structure can potentially occur. 

The "insulated vessel" as used in the invention is 
a metallic or nonmetallic vessel, or a metallic vessel 
having a surface coated with nonmetallic materials or 
semiconductors, or a metallic vessel compounded of 
nonmetallic materials or semiconductor, which vessels 
are adapted to be either heatable or coolable from 
either inside or outside. 

According to the invention, semisolid metal 
forming will proceed by the following specific 
procedure. In step (1) of the process shown in Figs. 3 
and 4, a complete liquid form of metal M is contained 
in a ladle 10. In step '(2), the metal is treated by 
either one of the following methods to produce an alloy 
having a large number of crystal nuclei which is of a 
composition just below the liquidus line: (a) the low- 
temperature melt (which may optionally contain an 
element that is added to promote the generation of 
crystal nuclei) is cooled with a jig 20 to generate 
crystal nuclei and the melt is then poured into a 
ceramic vessel 30 having a heat insulating effect; or 
(b) the low-temperature melt of a composition just 
above the melting point which contains an element to 
promote the generation of a fine structure is directly 
poured into the insulated vessel (or a ceramics-coated 
metallic vessel 30A) having a heat insulating effect. 
In subsequent step (3) the alloy is held partially 
molten within the insulated vessel 30 (or 30A) . In the 
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meantime, very fine, isotropic dendritic primary 
crystals result from the introduced crystal nuclei 
[step (3) -a] and grow into spherical primary crystals 
as the fraction solid increases with the decreasing 
5 temperature of the melt [steps (3)-b and (3)-cl. Metal 
M thus obtained at a specified fraction liquid is 
inserted into a die casting injection sleeve 40 [step 
vi r (3)-d] and thereafter pressure formed within a mold 

cavity 50a on a die casting machine to produce a shaped 
^ 10 part [step (4) ] . 

The semisolid metal forming process of the 
invention shown in Figs. 1-4 has obvious differences 
from the conventional thixocasting and rheocasting 
methods. In the invention method, the dendritic primary 

15 crystals that have been crystallized within a 

temperature range for the semisolid state are not 
ground into spherical grains by mechanical or 
electromagnetic agitation as in^tTFfe prior art but the 
large number of primary crystals that have been 

20 crystallized and grown from the introduced crystal 

nuclei with the decreasing temperature in the range for 
the semisolid state are spheroidized continuously by 
the heat of the alloy itself (which may optionally be 
supplied with external heat and held at a desired 

25 temperature). In addition, the semisolid metal forming 
method of the invention is very convenient since it 
does not involve the step of partially melting billets 
by reheating in the thixocasting process. 

The casting, spheroidizing and molding conditions 

30 that are respectively set for the steps shown in Fig. 

3, namely, the step of pouring the molten metal on to 
the cooling jig 20/ the step of generating and 
spheroidizing primary crystals and the forming step, 
are set forth below more specifically. Also discussed 

35v below is the criticality of numerical limitations 

Jb#^^^ j£^ -s-e-fcr- fo r th in c l - a rarffts— -2 — and 7 r-WJ. 

>S If the casting temperature \s at least 300t higher 

than the melting point or if the surface temperature of 
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jig 20 is not lower than the melting point, the 
following phenomena will occur; 

(1) only a few crystal nuclei are generated; 

(2) the temperature of the melt M as poured into the 
5 insulated vessel having a heat insulating effect is 

higher than the liquidus temperature and, hence, the 
proportion of the remaining crystal nuclei is low 
enough to produce large primary crystals. 

To avoid these problems, the casting temperature 

10 to be employed in the invention is controlled to be 

such that the degree of superheating above the liquidus 
line is less than 300t whereas the surface temperature 
of jig 20 is controlled to be lower than the melting 
point of alloy M. Primary crystals of an even finer 

15 size can be produced by ensuring that the degree of 

superheating above the liquidus line is less than lOOt 
and by adjusting the surface temperature of jig 20 to 
be at least 50t lower than the melting point of alloy 
M. The melt M can be contacted with jig 20 by one of 

20 two methods: the melt M is moved on the surface of jig 
20 (the melt is caused to flow down the inclined jig), 
or the jig moves through the melt. The "jig" as used 
herein means any device that provides a cooling action 
on the melt as it flows down. The jig may be replaced 

25 b y the tubular pipe on a molten metal supply unit. 
Insulated vessel' 30 for holding the melt the 
temperature of which has dropped to just below the 
liquidus line shall have a heat insulating effect in 
order to ensure that the primary crystals generated 

30 will spheroidize and have the desired fraction liquid 
after the passage of a specified time. The constituent 
material of the insulated vessel is in no way limited 
and those which have a heat-retaining property and 
which wet with the melt only poorly are preferred. If a 

35 gas-permeable ceramic container is to be used as the 

insulated vessel 30 for holding magnesium alloys which 
are prone to oxidize and burn, the exterior to the 
vessel is preferably filled with a specified atmosphere 

2.H 
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(e.g. an inert or vacuum atmosphere). For preventing 
oxidation, it is desired that Be or Ca is preliminarily 
added to the molten metal. The shape of the insulated 
vessel 30 is by no means limited to a tubular form and 
5 any other shapes that are suitable for the subsequent 
forming process may be adopted. The molten metal need 
not be poured into the insulated vessel but it may 
optionally be charged directly into a ceramic injection 
sleeve. If the holding time within the insulated vessel 

10 30 is less than 5 seconds, it is not easy to attain the 
temperature for the desired fraction liquid and it is 
also difficult to generate spherical primary crystals. 
If the holding time exceeds 60 minutes, the spherical 
primary crystals and eutectic structure generated are 

15 so coarse that deterioration in mechanical properties 
will occur. Hence, the holding time within the 
insulated vessel is controlled to lie between 5 seconds 
and 60 minutes. If the fraction liquid in the alloy 
which is about to be shaped by high-pressure casting 

20 processes is less than 20%, the resistance to 

deformation during the shaping is so high that it is 
not easy to produce shaped parts of good quality. If 
the fraction liquid exceeds 90%, shaped parts having a 
homogeneous structure cannot be obtained. Therefore, as 

25 already mentioned, the fraction liquid in the alloy to 
be shaped is preferably controlled to lie between 20% 
and 90%. By adjusting the effective fraction liquid to 
range from 30% to 70%, shaped parts having a more 
homogeneous structure and higher quality can be easily 

30 obtained by pressure forming. If, in the case of 

shaping Al-Si alloy systems having a near eutectic 
composition, it is necessary to generate eutectic Si 
within the insulated vessel while reducing the fraction 
liquid to 80% or below, Na or Sr may be added as an Si 

35 modifying element and this is advantageous for refining 
the eutectic Si grains , thereby providing improved . 
ductility. The means of pressure forming are in no way 
limited to high-pressure casting processes typified by 




squeeze casting and die casting and various other 
methods of pressure forming may be adopted, such as 
extruding and casting operations. 

The constituent material of the jig 20 with which 
5 the melt M is to be contacted is not limited to any 

particular types as long as it is capable of lowering 
the temperature of the melt, A jig 20 that is made of a 
highly heat-conductive metal such as copper, a copper 
alloy, aluminum or an aluminum alloy and which is 

10 controlled to provide a cooling effect for maintaining 
temperatures below a specified level is particularly 
preferred since it allows for the generation of many 
crystal nuclei. In this connection, it should be 
mentioned that coating the cooling surface of the jig 

15 20 with a nonmetallic material is effective for the 

purpose of ensuring that solid lumps of metal will not 
adhere to the jig 20 when it is contacted by the melt 
M. The coating method may be either mechanical or 
chemical or physical. 

20 A semisolid alloy containing a large number of 

crystal nuclei and which has a temperature not higher 
than the liquidus line can be obtained by contacting 
the melt M with the jig 20. If desired, (1) in order to 
generate more crystal nuclei so as to produce a 

25 homogeneous structure comprising fine spherical grains 
or (2) to ensure that a semisolid alloy containing a 
large number of crystal nuclei and which has a 
temperature not higher than the liquidus line is 
produced from a melt that has been superheated to less 

30 than lOOt above the liquidus line and which is not 

contacted with any jig, .various elements may be added 
to the melt, as exemplified by Ti and B for the case 
where the melt is an aluminum alloy, and Sr, Si and Ca 
for the case where the melt is a magnesium alloy. If 

35 the Ti addition is less than 0 . 005%, the intended 

refining effect. is not attained; beyond 0.30%, a coarse 
Ti compound will form to cause deterioration in 
ductility. Hence, the Ti addition is controlled to lie 





between 0.005% and 0.30%. Boron (B) cooperates with Ti 
to promote the refining of crystal grains but its 
refining effect is small if the addition is less than 
0.001%; on the other hand, the effect of B is saturated 
5 at 0.02% and no further improvement is expected beyond 
0.02%. Hence, the B addition is controlled to lie 
between 0.001% and 0.02%. If the Sr addition is less 
than 0.005%, the intended refining effect is not 
attained; on the other hand, the effect of Sr is 

10 saturated at 0.1% and no further improvement is 
expected beyond 0.1%. Hence, the Sr addition is 
controlled to lie between 0.005% and 0.1%. If 0.01% - 
1.5% of Si is added in combination with 0.005% - 0.1% 
of Sr, even finer crystal grains will be formed than 

15 when Sr is added alone. If the Ca addition is less than 
0.05%, the intended refining effect is not attained; on 
the other hand, the effect of Ca is saturated at 0.30% 
and no further improvement is expected beyond 0.30%. 
Hence, the Ca addition is controlled to lie between 

20 0.05% and 0.30%. 

If the fine spherical primary crystals are to be 
obtained without employing jig 20, the degree of 
superheating above the liquidus line is set to be less 
than lOOt and this is to ensure that the molten alloy 

25 poured into the insulated vessel 30 having a heat 

insulating effect is brought to either a liquid state 
having crystal nuclei or a partially solid, partially 
liquid state having crystal nuclei at a temperature not 
lower than the molding temperature. If the melt poured 

30 into the insulated vessel 30 is unduly hot, so much 

time will be taken for the temperature of the melt to 
decrease to establish a specified fraction liquid that 
the operating efficiency becomes low. Another 
inconvenience is that the poured melt M is oxidized or 

35 burnt at the surface. 

. Table 1 shows the conditions of various samples of 
semisolid metal to be shaped, as well as the qualities 
of shaped parts. As shown in Fig. 3, the shaping 

5-7 



operation consisted of inserting the semisolid metal 

into an injection sleeve and subsequent forming on a 

squeeze casting machine. The forming conditions were 

2 

follows: pressure, 950 kgf/cm ; injection speed, 1.5 
m/s; mold cavity dimensions, 100 x 150 x 10; mold 
temperature, 230t . 
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In Comparative Sample 1, the temperature of jig 20 
with which the melt M was contacted was so high that 
the number of crystal nuclei generated was insufficient 
to produce fine spherical primary crystals; instead 
5 coarse unspherical primary crystals formed as shown in 
Fig. 7'. In Comparative Sample 2, the casting 
temperature was so high that very few crystal nuclei 
remained within the ceramic vessel 30, yielding the 
same result as with Comparative Sample 1. In 

10 Comparative Sample 3, the holding time was so long that 
the fraction liquid in the metal to be shaped was low, 
yielding a shaped part of poor appearance. In addition, 
the size of primary crystals was undesirably large. In 
Comparative Sample 4, the holding time within the 

15 ceramic vessel 30 was short whereas the fraction liquid 
in the metal to be shaped was high; hence, only 
dendritic primary crystals formed. In addition, the 
high fraction liquid caused many segregations of 
components within the shaped part. With Comparative 

20 Sample 5 the insulated vessel 30 was a metallic 

container having a small heat insulating effect, so the 
dendritic solidified layer forming on the inner surface 
of the vessel 30 would enter the spherical primary 
crystals generated in the central part of the vessel, 

25 thus yielding an inhomogeneous structure involving 
segregations. In Comparative Sample 6, the fraction 
liquid in the metal to be shaped was so high that the 
result was the same as with Comparative Sample 4 . With 
Comparative Sample 7, the jig 20 was not used; the 

30 starting alloy did not contain any grain refiners, so 

the number of crystal nuclei generated was small enough 
to yield the same result as with Comparative Sample 1. 

In each of Invention Samples 8 - 17, a homogeneous 
microst ructure comprising fine (<150#m) spherical 

35 primary crystals was obtained to enable the production 
of a shaped part having good appearance. 
Example 2 

An example of the invention (as recited in claims 
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11 - 13) will now be described in detail with reference 
to accompanying drawings. As shown in Figs. 9-12, the 
invention recited in claims 11 - 13 is such that: 

(1) the melt of a hypoeutectic aluminum alloy of a 

5 composition at or above a maximum solubility limit or a 
magnesium or aluminum alloy of a composition within a 
maximum solubility limit which are held superheated 
less than 300t above the liquidus temperature is 
contacted with a surface of a jig having a lower 
10 temperature than the melting point of the alloy so as 
to generate crystal nuclei in the alloy solution which 
is then poured into an insulated vessel; or 

(2) the melt of an aluminum or magnesium alloy that 
is held superheated to less than 100X above the 

15 liquidus temperature is directly poured into an 
insulated vessel without using any jig, thereby 
generating crystal nuclei in the liquid alloy. 

Subsequently, the liquid alloy having crystal 
nuclei that has been superheated by a degree (Xt) of 

20 less than lOt above the liquidus temperature is held in 
the insulated vessel for a period from 5 seconds to 60 
minutes as said alloy is cooled to a molding 
temperature that is higher than the eutectic or solidus 
temperature and where a specified fraction liquid is 

25 established, such that the cooling to the liquidus 

temperature of said alloy is completed within a time 
shorter than the time Y (in minutes) calculated by the 
relation Y=10-X and that the period of cooling from the 
initial temperature at which said alloy is held in the 

3 0 insulated vessel to a temperature 5t lower than the 
liquidus temperature is not longer than 15 minutes, 
whereby fine spherical primary crystals are 
crystallized in the alloy solution, which is then fed 
into a forming mold, where it is shaped under pressure. 

35 Alternatively, a partially solid, partially liquid 

alloy (at a temperature not lower than a molding 
temperature higher than the eutectic or solidus 
temperature) is held within the insulated vessel for a 
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period from 5 seconds to 60 minutes as it is cooled to 
the molding temperature where a specified fraction 
liquid is established, such that the period of cooling 
from the initial temperature at which said alloy is 
held within the insulated vessel to a temperature 5t 
lower than the liquidus temperature of said alloy is 
not longer than 150 minutes, whereby fine spherical 
primary crystals are crystallized in the alloy 
solution, which is then fed into a forming mold, where 
it is shaped under pressure. 

The specific procedure of semisolid metal forming 
to be performed in Example 2 is essentially the same as 
described in Example 1. 

The casting, spheroidizing and molding conditions 

that are respectively set for the steps shown in see 

Fig. 3, namely, the step of pouring the molten metal on 

to the ceramic jig 20, the step of generating and 

spheroidizing primary crystals and the forming step, 

are set forth below more specifically. Also discussed 

below is the criticalit^of the numerical limitations 

^set — i^rth — in claimc — 1-i 3r-3 . 

A 

If the alloy to be held within the insulated 
vessel 30 is superheated such that its initial 
temperature is at least lOt above the liquidus line, 
jDnly unspherical primary crystals of a size of 300/im 
and larger will form and fine, spherical primary 
crystals cannot be obtained no matter what conditions 
are used to cool the alloy to the molding temperature 
where a specified fraction liquid is established with a 
view to introducing crystal nuclei into the melt. To 
avoid this problem, the initial temperature of the 
alloy held within the insulated vessel 30 is controlled 
to be less than lOt above the liquidus line. 

If the alloy to be held within the insulated 
vessel 30 is superheated such that its initial 
temperature is less than 10t above the liquidus line, 
the alloy must be cooled to the liquidus temperature 
within a shorter time than the period calculated by the 
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relation Y=10-X, where Y is the time (in minutes) taken 
for the alloy temperature to drop to the liquidus 
temperature and X is the degree of superheating (in t ) . 
Otherwise, unspherical primary crystals of a size of 
5 300/im and larger will form as is the case where the 
degree of superheating is lOt or more above the 
liquidus line- To avoid this problem, the alloy is 
cooled to the liquidus temperature within a shorter 
time than the period calculated by the relation Y=10-X. 

10 Even if the alloy is cooled from the initial 

temperature to the liquidus temperature within a 
shorter time than the period determined by the relation 
Y=10-X, unspherical primary crystals of a size of 300/im 
and larger will form or the size of spherical crystals 

15 to be obtained tends to be larger than 200/im if the 

cooling from the initial temperature to the temperature 
5t lower than the liquidus temperature is completed 
within 15 minutes. Therefore, the period of cooling 
from the initial temperature to the temperature 5T 

20 lower than the liquidus temperature should not be 
longer than 15 minutes. 

Speaking now of the case where the alloy to be 
held within the insulated vessel 30 is in a partially 
solid, partially liquid state having an initial 

25 temperature lower than the liquidus temperature, the 

cooling from the initial temperature to the temperature 
5t lower than the liquidus temperature must be 
completed within 15 minutes; otherwise, unspherical 
primary crystals of a size of 300/im and larger will 

30 form or the size of spherical crystals to be obtained 

tends to be larger than 200/im. Therefore, the period of 
cooling from the initial temperature to the temperature 
5t lower than the liquidus temperature should not be 
longer than 15 minutes. 

35 Figs. 15 and 16 show how the holding time affects 

the crystal grain "sizes of AZ9 1 and AC4CH which 
respectively are typical .magnesium and aluminum alloys. 
The "holding time" is the time for which the metal as 
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poured into the insulated vessel is held until the 
molding temperature is reached. The "molding 
temperature" is a typical value at which about 50% 
fraction liquid is established and it is 570t for AZ91 
and 5851 for AC4CH . Obviously, the dependency of the 
crystal grain size on the holding time differs with the 
alloy type but in both cases the grain size tends to be 
greater than 200/i m if the holding time exceeds 60 
minutes. On the other hand, primary crystals finer than 
200#m are prone to occur in the present invention. 
Figs. 17 and 18 show how the degree by which the AZ91 
and AC4CH within the holding vessel are superheated 
above the liquidus temperature and the holding time 
from the initial temperature within the insulated 
vessel to the liquidus temperature will affect the 
crystal grain sizes of the respective alloys. 

In the area of each graph where the degree of 
superheating (t ) and the holding time (min) are below 
the line connecting two points (10, 0) and (0, 10), 
fine (<200/im) primary crystals are generated in 
accordance with the invention as shown diagrammatically 
in Fig. 13. In the area above the line, coarse (>300ffm) 
unspherical primary crystals occur as shown 
diagrammatically in Fig. 14. Even finer and more 
homogeneous primary crystals are obtained under the 
conditions for the holding time and the degree of 
superheating that are represented by area (C) in Fig. 
17 and 18 [the region bound by point's (0,6), (5,5) and 
(6,0) in Fig. 17 and the region bound by points (0,7), 
(5,5) and (5,0) in Fig. 18]. Figs. 19 and 20 show how 
the holding time (from the initial temperature within 
the insulated vessel to the liquidus temperature minus 
5t ) affects the crystal grain sizes of AZ91 and AC4CH, 
respectively. Obviously, the crystal grain size 
increases with the holding time and if the latter 
exceeds 15 minutes, there is a marked tendency for t the 
crystal grain size to exceed 200/fm and coarse 
unspherical primary crystals occur. In the present 
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invention where the holding time is less than 15 
minutes, there is a marked tendency for the primary 
crystals to be generated in small sizes less than 200p 
m . 

Example 3 

An example of the invention (as — a^er ritcd in claims 



— and — will now be described in detail with 
A 

reference to the accompanying Figs. 3, 7 , 8 and 21 - 
28, in which: Fig, 21 is a side' view of an apparatus 
100 for producing a semisolid forming^metal; Fig. 22 is 
a perspective view of a cooling jig 1 as part of the 
nucleus generating section 12 of the apparatus 100; 
Fig. 23 shows in cross section two other cooling jigs 
1A and IB; Fig. 24, is a sectional side view of another 
cooling jig 1C which is funnel-shaped; Fig. 25 is a 
plan view showing the ^general layout of another 
apparatus 100A for producing a semisolid forming metal; 
Fig. 26 is a longitudinal section A - A of Fig. 25; 
Fig. 27 is a longitudinal' section B - B of Fig. 25; 
Fig. 28 is a longitudinal section of an insulated 
vessel 22; Fig. 3 shows a process flow illustrating the 
method of producing a semisolid forming metal; Fig. 7 
is a diagrammatic representation of a micrograph 
showing the metallographic structure of a shaped part 
according to the invention; and Fig. 8 is a 
diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part produced by a 
prior art process in which the molten metal is directly 
poured into the insulated vessel for cooling without 
passing through the nucleus generating section. 

As shown in Fig 1 . 21, the apparatus 100 for 
producing semisolid forming metal consists of the 
nucleus generating section 12 and a crystal generating 
section 18. The nucleus generating section 12 consists 
of the cooling jig 1 having a pair of weirs 2 provided 
to project from the right and left sides of the top 
surface of an inclined flat copper plate, stands 3 for 
supporting the jig 1 in an inclined position, and 





cooling pipes 4 (an inlet, pipe and a outlet pipe 4b) 
which are connected to a passage through which a 
cooling medium (usually water) is to be supplied into 
the cooling jig 1, The crystal generating section 18 
5 serves to generate fine crystals by ensuring that the 

molten metal obtained in the nucleus generating section 
12 is held as it is cooled to a molding temperature 
where it becomes partially solid, partially liquid. The 
crystal generating section 18 is constituted of the 
10 insulated vessel 22 which serves as a container of the 
molten metal M pouring down the cooling jig 1. As shown 
in Fig. 28 , the insulated vessel 22 may optionally be 
accommodated within a metallic container 24 and 
equipped with a bolted cover plate 25 to ensure 
15 rigidity. As will be mentioned hereinafter, a pair of 
hooks 24a made of a round steel bar are provided to 
project from the lateral side of the metallic container 
24 in order to assure convenience in transport. 

If a flat metallic (e.g. Cu) plate is to be used 
20 as the cooling jig 1, the molten metal can potentially 
stick to the cooling plate; to prevent this problem, it 
is desirable to reduce the wettability of the plate by 
applying a nonmetallic (e.g. BN) coating material onto 
its surface. Weirs 2 are provided to control the flow 
25 of the molten metal as it descends the top surface of 
the cooling jig 1. 

Fig. 23 shows the case where cooling jig 1A in the 
form of a cylindrical tube or cooling jig IB in the 
form of a semicylindrical. tube IB is used as the 
30 cooling jig. As in the case of the cooling jig 1 in the 
form of a flat copper plate, both cooling jigs 1A and 
IB are equipped with a cooling medium channel 5 and 
cooling pipes 4 (inlet pipe 4a and outlet pipe 4b). 

A funnel-shaped tube may be used as the cooling 
35 jig as shown in Fig. 24. The cooling jig 1C may be 

stationary while the molten metal M is poured so that 
it drips into the underlying insulated vessel 22. 
Alternatively, in order to provide an enhanced cooling 
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effect, the cooling jig 1C may be rotationally 
journaled on a thrust bearing lb on a pedestal la such 
that the molten metal is poured into the jig as it is 
rotated at slow speed by means of a reduction motor If 
5 which transmits the rotating power via spur gears le 
and Id. 

To obtain a semisolid forming metal with the thus 
constructed apparatus 100, a molten alloy held 
superheated to less than 300t above the liquidus 

IQ temperature is poured on to the upper end of the 
cooling jig 1 (or 1A, IB or 1C) in the nucleus 
generating section 12 so that the alloy flows down the 
jig. During the flowing of the alloy, the surface 
temperature of the cooling jig 1 is held to be lower 

15 than the melting point of the alloy. The molten alloy 
which has flowed down the cooling jig 1 (or 1A, IB or 
1C) is gently received by the insulated vessel 22, in 
which it is held for a period from 5 seconds to 60 
minutes in such a condition that its temperature is not 

20 higher than the liquidus temperature but higher than 
the eutectic or solidus temperature, whereby a large 
number of fine spherical primary crystals are generated 
to ensure that the alloy can be shaped at a specified 
fraction liquid. 

25 The specific procedure of semisolid metal forming 

to be performed in Example 3 is essentially the same as 
described in Example 1. 

As already mentioned, the holding time within the 
insulated vessel 22 varies widely from 5 seconds to 60 

30 minutes depending on the time taken for the alloy to be 
cooled to the molding temperature. If the holding time 
is as long as 10 - 60 minutes, the productivity is very 
low on an apparatus in which one nucleus generating 
section 12 (cooling jig 1) is combined with one crystal 

35 generating section 18 (insulated vessel 22). 

In order to solve this problem, the present , 
inventors have devised an apparatus that shortens the 
interval between successive cooling cycles so as to 
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enhance the efficiency of the production of semisolid 
forming metals. Shown by 100A in Fig. 25, the apparatus 
comprises a turntable 60 that is capable of suspending 
a plurality of insulated vessels 22 on the 
5 circumference and which is free to rotate horizontally 
about a central shaft 62. Each of the insulated vessels 
22 is accommodated within a metallic container 24 
which, as shown in Fig. 28, is fitted with a pair of 
hooks 24a that are each formed of a round steel bar and 

10 which are welded to project from the lateral side of 
the container 24 . The turntable 60 is provided with 
semicircular cutouts in the circumference that are 
spaced apart at generally equal intervals and which 
have a greater diameter than the metallic container 24; 

15 at the same time, the turntable 60 has as many hook 
receptacles 30a as the insulated vessels 22 and each 
receptacle 30a is in the form of a semicircular pipe 
that extends horizontally from the circumference of the 
turntable 60 so that the hooks 24a will rest on the 

20 receptacle to suspend the metallic container 24 which 
is integral with the insulated vessel 24 as shown in 
Fig. 28. 

Each of the insulated vessels 22 suspended on the 
turntable 60 is charged with the molten metal via the 

25 cooling jig 1 on the left side (see Fig. 25) and 
carried by the slowly rotating turntable until it 
reaches the diametrically opposite position (as a 
result of 180° turn) after the passage of a 
predetermined cooling period. In this diametrically 

30 opposite position (i.e. on the right side of the 

turntable) , a hydraulic cylinder or other means 26 for 
vertically moving the insulated vessel 22 is provided 
below the position where the insulated vessel is 
suspended (see Fig. 26). The hydraulic cylinder 26 

35 serves to push up the bottom of the insulated vessel 22 
so that it is transferred to an injection sleeve 40 at 
the subsequent stage, which' is then supplied with the 
partially solidified metal from within the insulated 

1 



vessel . 

If the molten metal flowing down the cooling jig 1 
is directly poured into the erect insulated vessel 22, 
air will be entrapped to potentially cause casting 
5 defects. To avoid this problem, it is desirable to 

incline the insulated vessel 22 by a specified angle 
such that the molten metal will gently pour into the 
insulated vessel along its sidewall (see Fig. 27) . To 
this end, a hydraulic cylinder or some other depressing 

10 means 28 is provided below the cooling jig 1; as shown, 
the hydraulic cylinder 28 has a piston rod 28a fitted 
at the terminal end with a rotatable depressing plate 
28b supported on a pin. 

The thus constructed apparatus 100A for producing 

15 semisolid forming metals is capable of feeding the 

molten metal into the injection sleeve by continuous 
treatment in a plurality of insulated vessels 22 and 
compared to the apparatus using a single unit of 
insulated vessels 22, the interval between successive 

20 cooling cycles is substantially reduced to ensure 
against the drop in productivity. 

Thus, the apparatus 100 and 100A according to the 
invention are capable of producing semisolid metals 
that are suitable for use in semisolid forming, that 

25 have fine primary crystals dispersed within a liquid 
phase and that are free from the contamination by 
nonmetallic inclusions. In addition, due to the holding 
of the molten metal within the insulated vessel for 
cooling purposes, the semisolid metal obtained is 

30 difficult to be oxidized at the surface and has a very 
uniform temperature profile in its interior; hence, 
with almost all alloys, there is no need to use a high- 
frequency furnace for heating molding materials 
although this has been necessary in the conventional 

35 semisolid forming technology. 

If desired, a robot or a dedicated machine may., be 
used to grip the insulated vessel 22 and when the metal 
within the vessel has attained a specified molding 
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temperature, it may be inserted into the injection 
sleeve 40 in a die casting machine (which may be a 
squeeze casting machine) , with the top end directed to 
the side facing the injection tip, such as to 
5 accomplish semisolid forming. In this way, one can 
produce castings or high quality that have fine, 
spherical primary crystals as shown in Fig. 7. In fact, 
however, only coarse dendrites with slightly round 
corners as shown in Fig, 8 can be obtained by simply 

10 pouring the molten metal into the insulated vessel 22 
without passing through the nucleus generating section 
12. The semisolid metals produced with the apparatus of 
the invention may be shaped by pressure forming methods 
other than die casting; alternatively, they may be 

25 inserted into a sand or metallic mold gently without 
applying pressure. 

In the example described above, the flat copper 
plate having internal cooling means is used as the 
nucleus generating means but this is not the sole case 

20 of the invention and any other means may be employed as 
long as it is capable of generating crystal nuclei that 
will not redissolve in the liquid phase. As example of 
this alternative nucleus generating means is described 
below . 

25 The flat copper plate without weirs 2 may be 

replaced by the tubular cooling jig 1A or 
semicylindrical cooling jig IB as shown in Fig. 23. 
Alternatively, the molten metal may be poured into the 
conical cooling jig 1C 'as it is rotated by drive means 

30 and after crystal nuclei have been generated in the 
metal, the latter is withdrawn from the bottom the 
cooling jig 1C to be poured into the insulated vessel 
22. The constituent material of the cooling jig 1 is by 
no means limited to metals and it may be of any type as 

35 long as it is capable of cooling the molten alloy 

within a specified time while , producing crystal nuclei 
in the alloy. 

In the example described above, the insulated 

( 
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ceramic vessel is used as the crystal generating means 
and in a practical version of the example, the rotating 
turntable 60 which is capable of arranging a plurality 
of insulated vessels 22 is used. However, this is not 
the sole method of arranging and fixing the insulated 
vessels 22 and they may be linearly or otherwise 
arranged. To fix the insulated vessel 22, it may be 
positioned at a specified site as typically shown in 
Fig. 28, wherein the insulated vessel 22 is placed 
within the metallic container 24 having a slightly 
larger inside diameter and the bottom of the container 
24 is pushed up by the hydraulic cylinder 26 as 
required. 

In the above description of the invention, the 
cooling jig consists of the nucleus generating section 
and the crystal generation section but, if desired, the 
two steps may be integrated. For instance, the molten 
metal within the insulated vessel 22 may be treated 
with the cooling jig and/or a melt surface vibrating 
jig to ensure that both nuclei and crystals will be 
generated . 
Example 4 

An example of the invention {-as — ronA t.oH -i n — olainrer 



accompanying Figs. 1, 2, 4-8 and 29-31, in which: 
Fig. 1 is a diagram "showing a process sequence for the 
semisolid forming of a hypoeutectic aluminum alloy 
having a composition at or above a maximum solubility 
limit; Fig. 2 is a diagram showing a process sequence 
for the semisolid forming of a magnesium or aluminum 
alloy having a composition within a maximum solubility 
limit; Fig. 29 shows a process flow starting with the 
generation of spherical primary crystals and ending 
with the molding step; Fig. 4 shows diagrammatically 
the metallographic structures obtained in the 
respective steps shown ( in Fig. 29; -F-i g -: — 3 0 compa rco; two 
graphs plotting the temperature changes in the metar 
being cooled within a vessel during step 3 shown in 




now be described with reference to 



Fig. 29; Fig. 31 illustrates four methods of managing 
the temperature within a vessel according to the 
invention; Fig. 5 is an equilibrium phase diagram for 
an Al-Si alloy as a typical aluminum alloy system; Fig. 
6 is an equilibrium phase diagram for a Mg-Al alloy as 
a typical magnesium alloy system; Fig. 7 is a 
diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the invention; and Fig. 8 is a diagrammatic 
representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the prior art. 

As shown in Figs 1, 2, 5 and 6, the ijivontion 
^ec i ted — — cla-ime — £-6 — arrd — 3r? — i-s — bAS-ex2 — on — Gl ^imo« 2 , — 9 — and - 



composition at or above a maximum solubility limit or 
the melt of a magnesium alloy of a composition within a 
maximum solubility limit is held superheated to less 
than 300t above the liquidus temperature and then 
contacted with a surface of the jig 20 having a lower 
temperature than the melting point of either alloy and 
the resulting alloy is poured into a vessel 30; or 
(2) the melt of an aluminum or magnesium alloy that is 
held superheated to less than 100t above the liquidus 
temperature as it contains an element to promote the 
generation of crystal nuclei is directly poured into 
the vessel 30 without using the jig 20. The vessel 30 
of a specified wall thickness is adapted to be heatable 
or coolable from either inside or outside, is made of a 
material having a thermal conductivity of at least 1.0 
kcal/hr*m*t (at room temperature) and is held at a 
temperature not higher than the liquidus temperature of 
said alloy prior to its pouring, and the melt is 
subsequently cooled to a temperature at which a 
fraction solid appropriate for shaping is established, 
such that while the alloy is poured into the vessel 30, 
its top and bottom portions are heated by a greater 




and it is such— that: 



(1) 



the melt of a hypoeutectic aluminum alloy of a 



-43- 



degree than the middle portion or that the top or 
bottom portion is heat-retained with a heat-retaining 
material having a thermal conductivity of less than 1.0 
kcal/hr*m*t or that the top portion of the vessel is 
heated by a greater degree than the middle portion 
while the bottom portion is heat-retained or that the 
top portion is heat-retained while the bottom portion 
is heated by a greater degree than the middle portion, 
whereby nondendritic fine primary crystals are 
crystallized in the alloy solution while, at the same 
time, the alloy is cooled at a sufficiently rapid rate 
to provide a uniform temperature profile through the 
alloy in the vessel 30, with the cooled alloy being 
subsequently supplied into a forming mold 50, where it 
is pressure formed to a shape. 

Four methods of managing the temperature of the 
vessel 30 and that of the alloy within the vessel 30 
are collectively shown in Fig. 3 r, wherein (a) -(d) 
correspond to the methods of temperature management set 
forth in claim 17. 

The wall thickness of the vessel 30 is desirably 
such that after pouring of the molten metal, no 
dendritic primary crystals will result from the metal 
in contact with the inner surface of the vessel and yet 
no solidified layer will remain in the vessel at the 
stage where the semisolid metal has been discharged 
from within the vessel just before shaping. The exact 
value of the wall thickness of the vessel is 
appropriately determined in consideration of the alloy 
type and the weight of the alloy in the vessel 30. 

The term "fraction' solid appropriate for shaping" 
means a relative proportion of the solid phase which is 
suitable for pressure forming. In high-pressure casting 
operations such as die casting and squeeze casting, the 
fraction solid ranges from 10% to 80%, preferably from 
30,% to 70%. If the fraction solid is more than 70%, the 
formability of the raw material is poor; below 30%, the 
raw material is so soft that it is not only difficult 




to handle but also less likely to produce a homogeneous 
structure. In extruding and forging operations, the 
fraction solid ranges from 30% to 99.9%, preferably 
from 50% to 99.9%; if the fraction solid is less than 
50%, an inhomogeneous structure can potentially occur. 

The 11 temperature not higher than the liquidus 
temperature" means such a temperature that even if the 
temperature of the metal within the vessel is rapidly 
lowered to the level equal to the molding temperature, 
no dendritic primary crystals will result -from the melt 
in contact with the inner surface of the vessel and yet 
no solidified layer will remain in the vessel at the 
stage where the semisolid metal is discharged from 
within the vessel just before shaping. The exact value 
of the "temperature not higher than the liquidus 
temperature" varies with the alloy type and the weight 
of the alloy within the vessel. 

The "vessel" as used in the invention is a 
metallic or nonmetallic vessel, or a metallic vessel 
having a surface coated with nonmetallic materials or 
semiconductors, or a metallic vessel compounded of 
nonmetallic materials or semiconductors. Coating the 
surface of the metallic vessel with a nonmetallic 
material is effective in preventing the sticking of the 
metal. To heat the vessel, its interior or exterior may 
be heated with an electric heater; alternatively, 
induction heating with high-frequency waves may be 
employed if the vessel is electrically conductive. 

The specific procedure of semisolid metal forming 
to be performed in Example 4 is essentially the same as 
described in Example 1 . 

Vessel 30 is used to hold the molten metal until 
it is cooled to a specified fraction solid after its 
temperature has dropped just below the liquidus line. 
If the thermal conductivity of the vessel 30 is less 
than 1.0 kcal/hr'm-t at room temperature, it has such a 
good heat insulating effect that an unduly prolonged 
time will be required for the molten metal M in the 
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vessel 30 to be cooled to the temperature where a 
specified fraction solid is established, thereby 
reducing the operational efficiency. In addition, the 
generated spherical primary crystals become coarse to 
deteriorate the formability of the alloy. It should, 
however, be mentioned that if the vessel contains a 
comparatively small quantity of the melt, the holding 
time necessary to achieve the intended cooling becomes 
short even if the thermal conductivity of the vessel is 
less than 1.0 kcal/hr'nrt at room temperature. If the 
temperature of the vessel 30 is higher than the 
liquidus temperature, the molten metal M as poured into 
the vessel is higher than the liquidus temperature, so 
that only a few crystal nuclei will remain in the 
liquid phase to produce large primary crystals. If the 
top and bottom portions of the vessel are neither 
heated nor heat-retained as the molten metal M is 
cooled until the fraction solid in the metal reaches 
the value appropriate for shaping, dendritic primary 
crystals may occur at the site in the top or bottom 
portion of the vessel that is contacted by the metal M 
or a solidified layer will grow at that site, thereby 
creating a nonuniform temperature profile through the 
metal in the vessel which makes the subsequent shaping 
operation difficult to accomplish on account of the 
remaining solidified layer within the vessel. To avoid 
these difficulties, it is preferred to heat the top or 
bottom portion of the vessel by a greater degree than 
the middle portion while the bottom or top portion is 
heat- retained during the cooling process after the 
pouring of the metal; if necessary, the top or bottom 
portion of the vessel may be heated not only during the 
cooling process following the pouring of the metal but 
also prior to its pouring and this is another preferred 
practice in the invention. 

The constituent material of. the vessel 30 is in no 
way limited except on the thermal conductivity and 
those which are poorly wettable with the molten metal 
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are preferred. 

Table 2 shows the conditions of various samples of 

semisolid metal to be shaped, as well as the qualities 

of shaped parts. As shown in Fig. 29, the shaping 

operation consisted of inserting the semisolid metal 

into an injection sleeve and subsequent forming on a 

squeeze casting machine. The forming conditions were as 

2 

follows: pressure, 950 kgf/cm ; injection speed, 1.0 
m/s; casting weight (including biscuits), 30 kg; mold 
temperature, 230TC . 
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In Comparative Sample 1, the thermal conductivity 
of the holding vessel was small and, in addition, the 
vessel was heated or heat-retained inappropriately 
after the pouring of the metal so that the holding time 
5 to the shaping temperature was unduly long; what is 
more, the formation of a solidified layer within the 
vessel prevented the discharge of the semisolid metal, 
thus making it impossible to perform shaping. In 
Comparative Sample 2, the thermal conductivity of the 

10 holding vessel was so small that the holding time to 
the shaping temperature was unduly prolonged. In. 
Comparative Sample 3, the holding vessel was heated or 
heat-retained inappropriately after the pouring of the 
metal so that a solidified layer formed within the 

15 vessel to prevent the discharge of the semisolid metal, 
thus making it impossible to start the shaping step. In 
Comparative Sample 4, the wall thickness of the holding 
vessel was unduly great and, in addition, the vessel 
was heated or heat-retained inappropriately after the 

20 pouring of the metal so that unspherical primary 

crystals were generated; what is more, the formation of 
a solidified layer within the vessel prevented the 
discharge of the semisolid metal, thus making it 
impossible to perform shaping. In Comparative Sample 5, 

25 the casting temperature was so high that very , few 

crystal nuclei remained within the vessel to yield only 
coarse unspherical primary crystals as shown in Fig. 8. 
In Comparative Sample 6, the cooling jig had such a 
high temperature that the number of crystal nuclei 

30 formed was insufficient to produce fine spherical 

primary crystals and, instead, only coarse unspherical 
primary grains formed as in Comparative Sample 5. In 
Comparative Sample 7, the fraction solid in the metal 
was so small that many segregations occurred within the 

35 shaped part. 

In Invention Samples S - 14, the metal in the 
vessel 30 was rapidly cooled with its temperature 
profile being maintained sufficiently uniform that 
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semisolid metals having nondendritic fine primary 
crystals were produced in a convenient and easy way. 
Such alloys were then fed into a forming mold and 
pressure formed to produce shaped parts of a 
homogeneous structure having fine (< 200pm) spherical 
primary crystals . 
Example 5 

QfQl An example of the invention (^as rpr i tPfi in piaim — , 

-3r^) will now be described with reference to the 

accompanying Figs. 4, 9, 10 and 32 - 35,- in which: Fig. 

9 is a diagram showing a process sequence for the 

semisolid forming of hypoeutectic aluminum alloys 

having a composition at or above a maximum solubility 

limit; Fig. 10 is a diagram showing a process sequence 

for the semisolid forming of magnesium or aluminum 

alloys having a composition within a maximum solubility 

limit; Fig. 32 shows a process flow starting with the 

generation of spherical primary crystals and ending 

with the molding step; Fig. 4 shows diagrammatically 

the metallographic structures obtained in the 

respective steps shown in Fig. 32; Fig. 33 compares the 

temperature profiles through two semisolid metals, one 

being held within a vessel in step (3) shown in Fig. 32 

and the other being treated by the prior art without 

using any outer vessel; Fig. 34 is a diagrammatic 

representation of a micrograph showing the 

metallographic structure of a shaped part according to 

the prior art; and Fig. 35 is a diagrammatic 

representation of a micrograph showing the 

metallographic structure of a shaped part according to 

the invention. 

As shown in Figs. 9, 10 and 32, the iiweftti©«, 

arocHH^od - in — claim — is such that the melt of a 

A 

hypoeutectic aluminum alloy of a composition at or 

above a maximum solubility limit or the melt of a 

magnesium ,or aluminum alloy of a compositioq within a 

maximum solubility limit is held superheated to less 
than 3 0 0t above the liquidus temperature, contacted 
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with a surface of the jig 20 at a lower temperature 



is made of a material having a thermal conductivity of 
at least 1.0 kcal/hr*m*l (at room temperature) and that 
is preliminarily held at a temperature not higher than 
the liquidus temperature of either alloy, and the melt 
is subsequently cooled, with a^heat insulating lid 32 
placed on top of the holding vessel, down to a 
temperature at which a fraction solid appropriate for 
shaping is established, characterized in that during 
the cooling of the alloy, the outer surface of said 
holding vessel is heated or heat- retained with an outer 
vessel 31 capable of accommodating said holding vessel, 
whereby nondendritic fine spherical primary crystals 
are crystallized in the alloy within said holding 
vessel while the cooling rate is controlled to be rapid 
enough to provide a uniform temperature profile through 
the alloy in said holding vessel no later than the 
start of the forming step and, thereafter, the cooled 
alloy is fed into a mold where it is subjected to 
pressure forming. -^30 

The wall thickness of the holding vessel -2-^ is 
desirably such that after pouring of the molten metal, 
no dendritic primary crystals will result from the 
metal in contact with the inner surface of the vessel 
and yet no solidified layer will remain in the vessel 
at the stage where the semisolid metal has been 
discharged from within the vessel just before shaping. 
The exact value of the wall thickness of the vessel is 
appropriately determined in consideration of the alloy 
type and the weight of the alloy in the holding vessel 



which is suitable for pressure forming. In high- 
pressure casting operations such as die casting and 
squeeze casting, the fraction solid ranges from 10% to 





The term "fraction solid appropriate for 
shaping"means a relative proportion of the solid phase 
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80%, preferably from 30% to 70%. If the fraction solid 
is more than 70%, the formability of the raw material 
is poor; below 30%, the raw material is so soft that it 
is not only difficult to handle but also less likely to 

5 produce a homogeneous structure- In extruding and 

forging operations, the fraction solid ranges from 30% 
to 99-9%, preferably from 50% to 99.9%; if the fraction 
solid is less than 50%, an inhomogeneous structure can 
potentially occur . 

0 The "temperature not higher than the liquidus 

temperature" means such a temperature that even if the 
temperature of the alloy within the holding vessel is 
rapidly lowered to the level equal to the molding 
temperature, no dendritic primary crystals will result 

5 from the melt in contact with the inner surface of the 
holding vessel and yet no solidified layer will remain 
in the vessel at the stage where the semisolid alloy 
has been discharged from within the vessel just before 
shaping. The "temperature not higher than the liquidus 

0 temperature" is also such that the alloy containing ^< 
crystal nuclei can be poured into the holding vessel --2-9^ 
without losing the crystal nuclei. The exact value of 
this temperature differs with the alloy type and the 
weight of the alloy within the holding vessel. 

5 The "holding vessel" as used in the invention is a 

metallic or nonmetallic vessel, or a metallic vessel 
having a surface coated with nonmetallic materials or 
semiconductors, or a metallic vessel compounded of 
nonmetallic materials or semiconductors. Coating the 

0 surface of the metallic vessel with a nonmetallic 

material is effective in preventing - the sticking of the 
metal . 

The "outer vessel" as used in the invention serves 
to ensure that the alloy in the holding vessel will be 
5 cooled within a specified time. To this end, the outer 
vessel, must have the ability to cool the. holding vessel 
£\ rapidly in addition to a capability for heat- 
retaining or heating said vessel. To meet this 
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7 




25 



30 



35 



requirement, the temperature of the outer vessel 31 
should be lowered to the level equal to the molding 
temperature within a specified time. 

In order to provide a more uniform temperature _^ q 
profile through the alloy within the holding vessel -2jp, 
the outer vessel 31 may be provided with a temperature 
profile by, for example, heating the top and bottom 
portions of the outer vessel 31 in a high-frequency 
heating furnace by a greater degree than the middle 
portion. In the case where the outer vessel 31 starts 



to be heated before the holding vessel is inserted 

A 

and continues to be heated until after its insertion, 
the heating of the outer vessel 31 may be interrupted 



temporarily if it is necessary for adjusting the 



3 IP 



temperature of the alloy within the holding vessel -2^*. 

The inside diameter of the outer vessel 31 is made 
sufficiently larger than the outside diameter of the 



A to provide a clearance between the 
A ^ JO 

1 -2F£^ accommodated 



holding vessel 

outer vessel 31 and the holding vesse 
in it. To insure the clearance, a plurality of 
projections are provided along the outer circumference 
of the holding vessel and/or the inner circumference 
of the outer vessel 31. Alternatively, the clearance 
may be insured by replacing the projections with 
recesses formed in either the outer circumference of 
the holding vessel or the inner circumference of the 
outer vessel. ~~& s & 

The gap between the holding vessel *Z1^ and the 
outer vessel 31 is typically filled with air but 
various other gases may be substituted such as inert 

gases, carbon dioxide and SF C . 

o 

According to the invention, semisolid metal 
forming will proceed by the following specific 
procedure. In step (1) of the process shown n Figs. 32 
and 4, a complete liquid form of metal M is contained 
in a ladle 10. In step (2), the low- temperature melt 
(which may optionally contain an element that is added 
to promote the generation of crystal nuclei) is cooled 
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with a jig 20 to generate crystal nuclei; in step (3)- 
0, the melt is poured into a vessel 30 that is 
preliminarily held at a specified temperature not 
higher than the liquidus temperature, thereby yielding 
an alloy containing a large number of crystal nuclei at 
a temperature either just below or above the liquidus 
line . 

Alternatively, the cooling jig 20 may be dispensed 
with and the low- temperature melt of a composition just 
above the melting point and which contains an element 
added to promote the generation of a fine structure may 



be directly poured into the holding vessel which is 

preliminarily maintained at a temperature not higher 

than the liquidus temperature, ^ 0 

In subsequent step (3) , the holding vessel rSr^j is 

accommodated within the outer vessel 31 lined with a 

heat insulator 33 on the bottom and then fitted with a 

lid. Thereafter, the alloy in 'the holding vessel is 

held in a semisolid condition with its temperature 

being lowered, whereby fine particulate ( nondendri tic ) 

primary crystals are generated from the introduced 

crystal nuclei* In order to ensure that the temperature 

in the holding vessel J^^is lowered under the 

temperature conditions specified in Figs. 9 and 10, the 

outer vessel 3 1 is temperature managed such as by 

internal or external heating or by induction heating, 

with the heating being performed only before or after 

3-0 

the insertion of the holding vessel 2^ or for a 
continued period starting prior to the insertion of the 
holding vessel and ending after its insertion. 

Metal M thus obtained at a specified fraction 
solid is inserted into a die casting injection sleeve 
70 and thereafter pressure formed within a mold cavity 
50a on a die casting machine^to produce a shaped part. 

The casting, spheroidizing and molding conditions 
that are respectively set for the steps , shown in (see 
Fig. 9), namely, the step of pouring the molten metal 
on to the cooling jig, the step of generating and 




spheroidizing primary crystals and the forming step, 
are set forth below more specifically. Also discussed 
below is the criticality of the numerical limitations 
*\ set forth in claim 18. 
rfL ^ The holding vessel -2^ is used to hold the molten 

^V^ 1 metal until it is cooled v £o a specified fraction solid 

after its temperature has dropped just below the 



liquidus line. If the thermal conductivity of the 
Vtyr* i ' vessel -^is less than 1.0 kcal/hr'm - t (at room 



10 temperature) , it has such a good heat insulating effect 



O 



that an unduly prolonged time is required for the 



molten metal M in the holding vessel ^T9T to be cooled to 

\° the temperature where a specified fraction solid is 

established, thereby reducing the operational 

15 efficiency. In addition, the generated spherical 

primary crystals become coarse to deteriorate the 

formability of the alloy. 

It should, however, be mentioned that if the 

holding vessel contains a comparatively small quantity 

20 of the melt, the holding time necessary to achieve the 

intended cooling becomes short even if the thermal 

conductivity of the vessel is less than 1.0 kcal/hr'm*t 

0 at room temperature. If the temperature of the holding 

vessel is higher than the liquidus temperature, the 

t 25 molten metal M as poured into the vessel is higher than 

the liquidus line, so that only a few crystal nuclei 

will remain in the liquid phase to produce large 

primary crystals. In order to endure a more uniform 

temperature pro^.le through the alloy within the 

o _ w holding vessel^ by means of the outer vessel 31 while 

the molten metal M is cooled to a temperature where the 

fraction solid appropriate for shaping is established, 

xjfyty either one of the following conditions should be 

satisfied: the top of the holding vessel should be 

35 fitted with a lid; an adequate clearance should be 

5 V 

--^nvfi provided between the holding vessel -2r9r and the outer . 
| v vessel 31; a heat insulator should be provided in the 

^jyjfij area where the bottom of the holding vessel contacts 

' o 



the outer vessel 31; or projections or recesses should 

be provided on either the holding vessel or the 

outer vessel 31. 

In the example under discussion, the crystal 

nuclei were generated by the method of the ir iiveiitiuir 

^ oe-itod in — claims — 2-7 — 9 — ana -^rir. 

Table 3 shows— the conditions of the holding 

vessel, the alloy within the holding vessel, and the 

outer vessel, as well as the qualities of shaped parts. 

As shown in Fig. 32, the shaping operation consisted of 

inserting the semisolid metal into an injection sleeve 

and subsequent forming on a squeeze casting machine. 

The forming conditions were as follows: pressure, 950 
2 

kgf/cm ; injection speed; l.Om/s; casting weight 
(including biscuits), 2 kg; mold temperature, 250t . 
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With Comparative Samples 10 and 11 which did not 
use the outer vessel, the temperature of the alloy 
within the holding vessel dropped so rapidly that fine 
primary crystals formed but, on the other hand, the 
temperature profile through the semisolid alloy in the 
holding vessel was poor as shown in the graph - on J rgfTT 



semisolid metal holding time within the holding vessel 
was sufficiently long to provide a good temperature 
profile through the metal in the holding vessel but, on 
the other hand, unduly large primary crystals formed. 
With Comparative Sample 13, the casting temperature was 
so high that the alloy as poured into the holding 
vessel acquired a sufficiently high temperature to 
either substantially preclude the generation of crystal 
nuclei or cause rapid disappearance of crystal nuclei, 
thereby yielding unduly large primary crystals. With 
Comparative Sample 14, the fraction liquid in the 
semisolid metal was high whereas the holding time was 
short, thereby providing only a poor temperature 
profile through the semisolid alloy within the holding 
vessel . 

In Invention Samples 1-9, the metal in the 
vessel was rapidly cooled with its temperature profile 
being maintained sufficiently uniform that semisolid 
metals having nondendritic fine primary crystals were 
produced in a convenient and easy way. Such alloys were 
then fed into a mold and pressure formed to produce 
shaped parts of a homogeneous structure having fine 
(<200#m) spherical primary crystals. 
Example 6 

&i 04- Examples of the invent - ion (" <sra — r ecited - 1 - n — el aim 3 — 1-9- 
r— — 2^$) will now be described, in detail with reference to 
accompanying drawings 36 - 49 and 53, in which: Fig. 36 
is a plan view showing the general layout of molding 
equipment (its first embodiment), according, to an 
example of the invention; Fig. 37 is a plan view of a 
temperature management unit (its first embodiment) 




With Comparative Sample 12, the 
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according to the example of the invention; Fig.3 8-±-s — a- 



according 



owing ^- the specific positions of temperature 



A 

measurement within a vessel according to an example of 
the invention; Figs. 39, 40 and 41 are graphs showing 

5 the temperature history of cooling within the vessel 
under different conditions; Fig. 42 is a longitudinal 
section of a semisolid metal cooling furnace according 
to another example of the invention; Fig. 43 is a plan 
view of a temperature management unit (its second 

0 embodiment) according to yet another example of the 
invention ; Fig . 44 is a longitudinal section A - A of 
Fig. 43; - Fi g . 4 S snow s- the temperature profiles in the 
vessel fitted with heat insulators according to an 
example of the invention; Fig. 46 is a plan view of a 

5 temperature management unit (its third embodiment) 

according to another example of the invention; Fig. 47 
shows schematically the composition of a temperature 
controller for a semisolid metal cooling furnace (its 
first embodiment) according to an example of the 

0 invention; Fig. 48 shows schematically the composition 

of a temperature controller (its second embodiment) for 
a semisolid metal cooling furnace according to another 
example of the invention ; Fig . 4 9 .is a longitudinal 
section of a vessel rotating unit according to an 

5 example of the invention; and Fig. 53 is a longitudinal 
section of a semisolid metal cooling furnace as it is 
equipped with a vessel vibrator according to another 
example of the invention. 

As Fig. 36 shows, the molding equipment generally 

0 indicated by 300 consists" of a melt holding furnace 14 
for feeding the molten metal as a molding material 
(containing a large number of crystal nuclei) , a 
molding machine 200, and a temperature management unit 
104 for managing the temperature of the melt until it 

5 is fed to the molding machine 200. The molten metal 
held within , the furnace 14 contains f a large number of 
crystal nuclei. 

As also shown in Fig. 36, the temperature 



management unit 104 consists of a semisolid metal 
cooling section 110 and a vessel temperature control 
section 140; the semisolid metal cooling section 110 is 
composed of a semisolid metal cooling furnace 120 and a 
5 semisolid metal slowly cooling furnace 130 which are 
connected in a generally rectangular arrangement by 
means of a transport mechanism such as a conveyor 170 
whereas the vessel temperature control section 140 is 
composed of a vessel cooling furnace 150 and a vessel 

10 heat-retaining furnace 160. The temperature management 
unit 104 is also equipped with a robot 180 which grips 
the vessel 102 and transports it to one of the 
specified positions A - F (to be described below) . 

The temperature management unit 104 is operated as 

15 follows. An empty vessel 102 is first located in the 
heating vessel pickup position A. The robot 180 then 
transfers the vessel 102 to the position B, where the 
vessel is charged with a prescribed amount of the 
molten metal from the melt holding furnace 14. 

20 Thereafter, the robot 180 transports the vessel 102 to 
the filled vessel rest position C; subsequently, the 
vessel is cooled as it is carried by the conveyor 170 
to pass through the semisolid metal cooling furnace 120 
in a specified period of time. The vessel 102 leaving 

25 the furnace 120 reaches the slurry vessel rest position 
D, from which it is immediately transferred to the 
sleeve position E by the robot 180 if the injection 
sleeve 202 in the molding machine 200 is ready to 
accept the molten metal; at position E, the slurry 

30 of semisolid metal in the vessel is poured into the 

injection sleeve 202. If the injection sleeve 202 is 
not ready to acceptthe molten metal when the vessel 102 
has reached the slurry vessel rest position D (i. e., 
if the molding machine is operating to perform pressure 

35 forming) , the slurry of semisolid metal within the 

vessel will progressively solidify upon cooling while 
it is waiting for acceptance in the position D, thereby 
making it impossible for all the slurry to be 



discharged from the vessel or the crystal nuclei in the 
slurry will disappear to cause deterioration in the 
quality of the shaped part. In order to avoid these 
problems, the vessel 102 is forwarded to the semisolid 
metal slowly cooling furnace 130, where it waits for the 
molding machine 200 to become completely ready for the 
acceptance of the molten metal while ensuring against 
its rapid cooling. 

The vessel 102 from which the slurry of semisolid 
metal having satisfactory properties has been emptied 
into the injection sleeve 202 is then transferred to 
the empty vessel rest position F by means of the robot 
180, carried by the conveyor 170 into the vessel 
cooling furnace 150, where it is cooled for a specified 
time, passed through the vessel heat-retaining furnace 
160 as it is held at a suitable temperature, and is 
thereafter returned to the heating vessel pick up 
position A. 

A specific embodiment of the temperature 
management unit 104 is shown in Fig. 37. In this first 
embodiment, aluminum alloys are to be treated at a 
comparatively small scale with the molten metal being 
poured in an amount of no more than 10 kg; the system 
configuration is such that the molding cycle on the 
molding machine 200 is about 75 seconds and the time of 
passage through the semisolid metal cooling furnace 120 
and the vessel temperature controller 140 (i. e., 
consisting of the vessel cooling furnace 150 and the 
vessel heat-retaining. furnace 160) is 600 seconds in 
total. If the total passage time is longer than 600 
seconds, the overall equipment becomes impractically 
bulky and the volume of the slurry in process which 
results from machine troubles and which has to be 
discarded is increased and these are by no means 
preferred or the purpose of constructing commercial 
production facilities . Considering these points and in 
order to achieve consistent temperature management for 
a small quantity of slurry having good properties, the 
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vessel 102 is made of an Al^O^'SiC^ composite having a 
small thermal conductivity (0.3 kcal/hr • m* t ) . As a 
result, a slurry of semisolid metal having satisfactory 
properties can be obtained if only the temperature of 
5 the vessel 102 is retained by circulation of hot air 

the temperature of which is set at a constant value of 
12 01C . 

The system shown in Fig. 37 has the following 
differences from the system of Fig. 36. Since the 

10 vessel 102 is made of the Al 2 C> 3 • Si0 2 composite, it has 
a sufficiently small thermal conductivity that one only 
need supply the interior of the semisolid metal cooling 
furnace 120 (which is set at a temperature of 200t ) 
with a circulating hot air flow of a constant 

15 temperature from a hot air generating furnace 122. In 
addition, one only need equip the semisolid metal 
slowly cooling furnace 130 (which is set at a 
temperature of 550 t) and the vessel heat-retaining 
furnace 160 (which is set at a temperature of lOOt ) 

2o with heaters 132 and 162, respectively . With these 

provisions, the temperature in the vessel 102 can be 
managed correctly to ensure that slurries of semisolid 
metal having satisfactory properties can be produced in 
a short time while assuring farily consistent 

25 temperature management. The temperature in the vessel 
is optimally at 70 t ; to ensure that the temperature in 
the vessel is consistently managed at the optimal 70X, , 
adequate heat removal must be effected in the vessel 
cooling furnace 150; otherwise, the temperature in the 

3 0 vessel 102 becomes undesirably high. To deal with this 
problem, the vessel cooling furnace 150 is fitted, with 
a blower 152 and a blow nozzle 152a such that a fast 
air flow is blown at room temperature to achieve forced 
cooling . 

3 5 For system assessment on the management of the 

temperature in the vessel 102, a sheathed thermocouple 
was set up in the vessel and temperature data were 
taken under various conditions. Fig. 38 shows five 
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different positions (A) - (E) of temperature 
measurement in the vessel 102, into which the 1.0- mm 
thick sheathed thermocouple was inserted. 

Fig. 39 shows the temperature history of cooling 
5 under condition I, i. e., the vessel temperature 

control section 140 was not divided into the vessel 
cooling furnace 150 and the vessel heat-retaining 
furnace 160 and a hot air flow having the target 
temperature of 70t was circulated within the monolithic 

10 vessel temperature control section 140 at a velocity of 
about 5 m/sec. With this approach, the temperature in 
the vessel dropped to only about 200 t which was far 
from the target value. 

Fig. 40 shows the temperature history of cooling 

15 under condition II, i. e., a hot air flow having a 

temperature of 70t was circulated at a higher velocity 
of about 30 m/sec. This approach was effective in 
further reducing the temperature inthe vessel but not 
to the desired level^of 70t . 

20 Fig. 41 shows the temperature history of cooling 

under condition III, i. e., the vessel temperature 
control section 140 was divided into the vessel cooling 
furnace 150 and the vessel heat-retaining furnace 160, 
with an air flow at ordinary temperature being 

25 circulated within the cooling furnace 150 at a velocity 
of 30 m/sec whereas the atmosphere in the vessel heat- 
retaining furnace 160 had its temperature raised to 7 0t 
by means of an electric heater. It was only with this 
system that the temperature in the vessel could be 

30 managed to be stable at the intended 70t . 

If, in the case of treating aluminum alloys at a 
large scale, the vessel 102 is made of ceramics having 
thermal conductivities of no more than 1 kcal/m 1 hr* t , 
the time to cool the slurry of semisolid metal becomes 

35 impractically long. Therefore, in the second embodiment 
of the temperature management unit 104 which is adapted 
for handling comparatively large volumes of aluminum 
alloys such that the molten alloy is poured in an 
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amount of 20 kg or more, "the vessel 102 is made of 
SUS304 (see Fig. 43) rather than the ceramics which are 
used with the first embodiment shown in Fig. 37 and 
which require a prolonged cooling time. The resulting 
differences between the first embodiment of the 
temperature management unit 104 (Fig. 37) and the second 
embodiment are as follows. 

In order to ensure smooth recovery of the slurry 
from the vessel 102, its inner surfaces have to be 
coated with a water-soluble (which is desirable for 
ensuring against gas evolution) spray of a lubricant 
and, to this end, a spray position (spray equipment) is 
provided between the vessel cooling furnace 150 and the 
vessel heat-retaining furnace 160. Accordingly, the 
15 vessel 102 emerging from the vessel cooling furnace 150 
must be kept at a sufficient temperature (200 TC ) to 
allow for the deposition of the spray solution; to meet 
this requirement, hot air at 200t is applied against 
the vessel through a blow nozzle. As the result of the 
application of the water-soluble spray, the vessel 102 
experiences a local temperature drop. In order to 
ensure that the vessel 102 has a uniform temperature of 
200 t throughout, a hot air flow at 200 t is circulated 
within the vessel heat-retaining furnace 160 while it 
is agitated by a rotating fan to ensure uniformity in 
the temperature of the vessel 102. 

The vessel 102 which is made of SUS304 allows 
thermal diffusion through it, so even if the semisolid 
metal cooling furnace 120 is of the design shown in 
Fig. 42, no sharp border line can be drawn between the 
high-temperature range of the vessel (consisting of its 
top and bottom portions) and the low-temperature range 
(the middle portion of the vessel) . To deal with this 
problem, a preheating furnace 190 is provided as 
25 accessory equipment on a lateral side of the semisolid 
metal cooling furnace 120 and, as shown in Fig. 44, a 
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lid 102a made of a ceramic material (A1 2 0 3 • Si0 2 
composite) and a plinth 102b are used to heat-retain 
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the top and bottom of the vessel 102 while it is heated 
in the preheating furnace 190 before it is charged into 
the semisolid metal cooling furnace 120. 

The interior of the semisolid metal cooling 
furnace 120 is supplied with hot air from the hot air 
generating furnace via two sets of blow nozzles 124, 
one being in the upper position and the other in the 
lower position. The supplied hot air is circulated 
within the cooling furnace 120 with its temperatureand 
velocity being 2201 and 5 m/sec at the entrance and 180 
X, and 20 m/sec at the exit, whereby the semisolid metal 
is cooled comparatively slowly in the initial cooling 
period but cooled rapidly in the latter period. 

Thus, the present invention provides a method of 
^5 temperature management in which the step of managing 
the temperature in the vessel 102 at an appropriate 
level before it is supplied with the molten metal is 
distinctly separated from the step of managing the 
temperature in the vessel 102 in such a way that the as 
2Q poured molten metal can be cooled at a desired 

appropriate rate; the invention also provides the 
apparatus for temperature management 104 which is 
capable of automatic performance of these steps in an 
efficient and continuous manner. Also proposed by the 
25 invention is a system configuration that implements the 
respective steps by means of the vessel temperature 
control section 140 and the semisolid metal cooling 
section 110. 

In a specific embodiment, the vessel temperature 
control section 140 is composed of the vessel cooling 
furnace 150 capable of forced cooling with a 
circulating hot air flow that provides an appropriate 
cooling capacity by controlling the temperature and 
velocity of the air passing through the furnace and the 
vessel heat-retaining furnace 160 which controls the 
temperature of the atmosphere to lie at the target 
value in the vessel 102 and which maintains the vessel 
102 at said temperature of the atmosphere. It should 
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be noted here that the temperature to which the vessel 
cooling furnace 150 and the vessel heat-retaining 
furnace 160 should be controlled differs between 
aluminum and magnesium alloys. In the case of aluminum 
alloys, the interior of the vessel cooling furnace 150 
is controlled to lie between room temperature and 300 t 
whereas the interior of the vessel heat-retaining 
furnace 160 is controlled to lie between 50 t and 350 t 

in the case of magnesium alloys, the interior of the 
vessel cooling furnace 150 is controlled to lie between 
room temperature and 3 50t whereas the interior of the 
vessel heat-retaining furnace 160 is controlled to lie 
between 200 X and 450 t . 

The semisolid metal cooling section 110 is 
composed of the semisolid metal cooling furnace 120 
which is adapted to circulate hot air at an appropriate 
temperature such as to accomplish cooling within the 
shortest possible time that produces the slurry of 
semisolid metal with satisfactory properties and the 
semisolid metal slowly cooling furnace 130 which is 
designed to maintain the slurry of semisolid metal for 
2-5 minutes in a temperature range appropriate for 
shaping such as to be adaptive for the specific molding 
cycle on the molding machine 200. Again, the 
temperature to which the semisolid metal cooling 
furnace 120 should be controlled differs between 
aluminum and magnesium alloys. In the case of aluminum 
alloys, the temperature should be controlled to lie 
between 150 t and 350 t and in the case of magnesium 
alloys, the temperature should be controlled to lie 
between 200 t and 4 50 t. On the other hand, the 
interior of the semisolid metal slowly cooling furnace 
130 should be controlled to be at 500 t and above in 
both cases. 

If the injection sleeve 202 on the molding machine 
200 is ready to accept the molten metal just at time 
when the vessel 102 holding the metal has left the 
semisolid metal cooling furnace 120, the metal is 
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immediately fed (poured) into the molding machine 200 
without being directed into the semisolid metal slowly 
cooling furnace 130. Conversely, if the injection 
sleeve 202 is not ready to accept the molten metal 
since the molding machine 200 is operating, the vessel 
102 leaving the semisolid metal cooling furnace 120 is 
transferred to the semisolid metal slowly cooling 
furnace 13 0. 

As shown in Figs. 37 and 42, the semisolid metal 
cooling furnace 120 has the vessel 102 carried on the 
conveyor 170 via a heat insulating plate 120c and the 
inner surfaces on the sidewall of the furnace 120 is 
partitioned by an upper and a lower heat insulating 
plate 120b in the middle portion of its height, with 
hot air (set at an appropriate temperature of 120T ) 
being circulated through the partitioned area to 
establish a low-temperature region; at the same time, 
the inner surfaces of both top and bottom portions of 
the furnace 120 are heated with electric heaters 120a 
(set at a temperature of 500t) to establish a high- 
temperature (ca. 500 t) region, thereby ensuring that a 
uniform temperature is provided throughout the molten 
metal in the vessel 102. 

A first version of the heating system in the 
semisolid metal cooling furnace 120 according to the 
invention is such that either the temperature or the 
velocity of the circulating hot air is controlled to 
vary appropriately with the lapse of time or, 
alternatively, both the temperature and the velocity of 
the hot air are controlled to vary simultaneously with 
the lapse of time. 

The first specific embodiment of the heating 
system is as shown in Fig. 47 and comprises a hot air 
line for supplying a hot air flow into the semisolid 
metal cooling furnace 120, an,air line from which an 
air flow at ordinary temperature emerges to combine 
with the hot air to lower its temperature, a damper for 
controlling the quantity of the air flowing through the 
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air line, and a damper opening controller* 

The second specific embodiment of the heating 
system is as shown in Fig. 48 and comprises a 
temperature sensor installed within the semisolid metal 
cooling furnace 120, a hot air line for supplying a hot 
air flow into the furnace, an air line that combines 
with the hot air line, an automatic damper installed on 
the air line, and a damper opening controller that 
performs feed back control on the damper opening on the 
basis of the data obtained by measurement with the 
temperature sensor. The opening of the automatic 
damper is controlled on the basis of the data for the 
temperature in the furnace and the hot air is mixed 
with an appropriate amount of air and fed into the 
furnace, whereby the temperature and the velocity of 
the circulating hot air are controlled such that the 
molten metal will be cooled at a desired rate. 
Example 7 

An^example of the invention (-as — recited in — claims 

—2- 4 - ^2 9) will now be described specifically with 
A 

reference to accompanying Figs. 43 - 53, in which: 
Fig. 50 is a plan view showing the general layout of 
molding equipment; Fig. 43 is a plan view of the 
temperature management unit (its first embodiment); 
Fig. 51 is a longitudinal sectional view showing in 
detail the position of temperature measurement within 
the holding vessel; Fig. 52 is a graph showing the 
temperature history of cooling within the holding 
vessel; Fig. 44 is a longitudinal section A - A of 
Fig. 43; Fig. 46 is a plan view of the temperature 
management unit (its second embodiment) according to 
another example of the invention; Fig. 45 shows the 
temperature profiles in the vessel fitted with heat 
insulators as compared with the temperature profile in 
the absence of such heat insulators; Fig. 47 shows 
schematically the composition of the temperature 
control unit (its first embodiment) for a semisolid 
metal cooling furnace; Fig. 48 shows schematically the 



composition of the temperature control unit (its second 
embodiment) for a semisolid metal cooling furnace 
according to another example of the invention; Fig ,49 
is a longitudinal section of the semisolid metal 
5 cooling furnace according to the second embodiment in 
which it is equipped with a vessel rotating mechanism; 
and Fig. 53 is a longitudinal section of the semisolid 
metal cooling furnace according to the third embodiment 
in which it is equipped with a vessel vibrating 

10 mechanism. 

As shown in Fig. 50, the molding equipment 
generally indicated by 104 consists of a -melt hoiding 

'^A^f furnace for feeding the molten metal as a molding 
material, a molding machine 200 and a temperature 

15 management unit 100 for managing the temperature of the 
melt until it is fed to the molding machine 200. 

As also shown in Fig. 50, the temperature 
management unit generally indicated by 104 consists of 
a semisolid metal cooling section 110 and a vessel 

20 temperature control section 140; the semisolid metal 
cooling section 110 is composed of a semisolid metal 
cooling furnace 120 and a semisolid metal slowly 
cooling furnace 130 which are connected in a generally 
rectangular arrangement by means of a transport 

25 mechanism such as a conveyor 170 whereas the vessel 

temperature control section 140 is composed of a vessel 
cooling furnace 150 and a vessel heat-retaining vessel 
160. The temperature management unit 100 is also 
equipped with a robot 180 which grips the vessel 102 

30 and transports it to one of the specified positions A - 
F (to be described below) . The vessel 102 moves in the 
direction of arrows. 

In the first embodiment of the temperature 
management unit 104, the preheating furnace 190 is 

35 provided near and parallel to the semisolid metal 
cooling furnace as shown in Figs. 43 and 44. The 
purpose of the preheating furnace 190 is to ensure that 
both the plinth 102b placed under the melt containing 
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vessel 102 and the lid 102a placed on top of the vessel 
102 are preliminarily heated to a higher temperature 
than the hot air to be passed through the semisolid 
metal cooling furnace 120 such that uniformity will be 
5 assured for the temperature of the melt within the 

vessel as it is cooled in the semisolid metal cooling 
furnace 120. To this end, both the lid 102a and the 
plinth 102b which are carried on the conveyor 170 will 
be heated by the hot air being injected through the 

10 blow nozzle 192 as they move together with the conveyor 
170 ( see Fig . 44 ) . 

The temperature management unit 104 is operated as 
follows. An empty vessel 102 is first located in the 
heating vessel pickup position A. The robot 180 then 

15 transfers the vessel 102 to the position B, where the 
vessel is charged with a prescribed amount of the 
molten metal from the melt holding furnace -tt^ (which 
holds the molten metal containing a large number of 
crystal nuclei). Thereafter, the robot 180 transports 

20 the vessel 102 to the filled vessel rest position C, 

where it is placed on the plinth 102b and has its top 
covered with the lid 102a (both the lid 102a and the 
plinth 102b are preliminarily heated with the preheater 
190) ; subsequently, the vessel is cooled as it is 

25 carried by the conveyor 170 to pass through the 

semisolid metal cooling furnace 120 in a specified 
period of time. The vessel 102 leaving the furnace 120 
reaches the slurry vessel rest position D, from which 
it is immediately transferred to the sleeve position E 

30 b y the robot 180 if the injection sleeve 202 in the 
molding machine 200 is ready to accept the molten 
metal; at position E, the slurry of semisolid metal in 
the vessel is poured into the injection sleeve 202. If 
the injection sleeve 202 is not ready to accept the 

35 molten metal when the vessel 202 has reached the slurry 
vessel rest position D (i., e., if the molding machine 
is operating to perform pressure forming) , the slurry 
of semisolid metal within the vessel will progressively 



solidify upon cooling while it, is waiting for 
acceptance in position D, thereby making it impossible 
for all the slurry to be discharged from the vesselor 
the crystal nuclei in the slurry will disappear to 

5 cause deterioration in the quality of the shaped part. 
In order to avoid these problems, the vessel 102 is 
forwarded to the semisolid metal slowly cooling furnace 
130, where it waits for the molding machine 200 to 
become completely ready for the acceptance of the 

0 molten metal while ensuring against its rapid cooling. 

The vessel 102 from which the slurry of semisolid 
metal having satisfactory properties has been emptied 
into the injection sleeve 202 is then transferred to 
the empty vessel rest position F by means of the robot 

5 180, carried by the conveyor 170 into the vessel 

cooling furnace 150 , where it is cooled for a specified 
time, passed through the vessel heat-retaining furnace 
160 as it is held at a suitable temperature, and is 
thereafter returned to the heating vessel pickup 

0 position A. 

A specific embodiment of the temperature 
management unit 104 is shown in Fig. 43. In this first 
embodiment, aluminum alloys are to be treated on a 
comparatively large scale with the molten metal being 

5 poured in an amount of at least 20 kg; the system 

configuration is such that the molding cycle on the 
molding machine 200 is about 150 seconds and the time 
of passage through the semisolid metal cooling furnace 
120 and the vessel temperature control section 140 (i. 

0 e. consisting of the vessel cooling furnace 150 and the 
vessel heat-retaining furnace 160) is 600 seconds in 
total. If the total passage time is longer than 600 
seconds, the overall equipment becomes impractically 
bulky and the volume of the slurry in process which 

5 results from machine troubles and which has to be 
discarded is increased and these are by no means 
preferred for the purpose of constructing commercial 
production facilities. 
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To satisfy these cycle conditions and yet to 
produce slurries of good properties, details of the 
system have been determined as follows. SUS304 was 
adopted as the constituent material of the vessel (in 
the case of a comparatively small-scale operation with 
the molten metal being poured in an amount of no more 
than 10 kg, materials of small thermal conductivity 
provide comparative ease in temperature management; 
however, in a large-scale operation like the case under 
discussion, the use of ceramics and other materials of 
small thermal conductivity as the constituent material 
of the vessel requires an unduly prolonged time to cool 
the slurry, resulting in the failure to satisfy the 
cycle time requirementset forth above) . 

In order to ensure smooth recovery of the slurry 
from the vessel 102, its inner surfaces had to be 
coated with a water-soluble (which is desirable for 
ensuring against gas evolution) spray of a lubricant 
and, to this end, a spray position was provided between 
the vessel cooling furnace 150 and the vessel heat- 
retaining furnace 160. The vessel 102 emerging from 
the vessel cooling furnace 150 had to be cooled within 
5 minutes down to a temperature (200 t - 250 t) that 
would allow for effective deposition of the spray; to 
meet this requirement, hot air at 100 t was applied 
against the vessel through a blow nozzle. 

As the result of the application of the water- 
soluble spray, the vessel 102 experienced a local 
temperature drop. In order to ensure that the vessel 
102 would have a uniform temperature of 180t - 190 t 
throughout to provide a uniform temperature profile 
through the slurry, the vessel 102 was heated in the 
vessel heat-retaining furnace 160 in which a hot air 
flow at 190 t was circulated by means of a fan. 
35 In order to provide a uniform temperature profile 

through the slurry in the vessel, preheating furnace 
190 was installed as an accessory and the plinth 102b 
and lid 102a which were each made of a heat insulator 
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(Al 2 0 3 • Si0 2 composite) were heated at 350 X before 
they were set up on the vessel 102; this arrangement 
allowed the vessel 102 to be inserted into the 
semisolid metal cooling furnace 120 together with the 
lid 102a and plinth 102b. 

The interior of the semisolid metal cooling 
furnace 120 was equipped with two sets each of hot air 
generating furnaces and blow nozzles, through which hot 
air was supplied to circulate within the furnace 120, 
with its temperature and velocity being 2201 and 5 
m/sec at the entrance and 180 T and 20 m/sec at the 
exit, whereby the semisolid metal was cooled 
comparatively slowly in the initial cooling period but 
cooled rapidly in the latter period. 

For management of the temperature in the vessel 
102, a sheathed thermocouple was set in the vessel to 
take data on the temperature. Detailed discussion will 
follow based on the thus taken temperature data. 

Fig. 51 W^gm 'S' Clie^^po^sition of temperature 
measurement in the vessel 102. As shown enlarged on 
the right-hand illustration, a hole was made in the 
outer surface of the sidewall of the vessel to a depth 
at one half the wall thickness and thermocouple was 
inserted into the hole and spotwelded. 

Fig. 52 shows the temperature history of cooling of 
the vessel 102. The vessel temperature control section 
140 was divided into the vessel cooling furnace 150 and 
the vessel heat-retaining furnace 160 and, as already 
mentioned above, the vessel cooling furnace 150 was so 
adapted that "hot air at 100 t was applied against the 
vessel through the blow nozzles" whereas the vessel 
heat-retaining vessel 160 was designed to "permit 
circulation of hot air at 190 t." 

The system under discussion requires that the " 
35 spray should be deposited" within a limited time period 
while "a uniform temperature (180t - 190 t ), should be 
established throughout the vessel 102". To meet these 
requirements, the vessel temperature control section 
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140 was divided into the vessel cooling furnace 150 and 
the vessel heat-retaining furnace 160 and optimal 
temperature management was performed in each furnace. 

The second embodiment of the temperature 
management unit 100 shown in Fig. 4 6 was chiefly 
intended for the treatment of magnesium alloys. As 
typically shown in Fig. 49, the temperature management 
unit 100 comprises a plurality of linearly arranged 
housings 120A in a generally cubic shape, each being 
fitted with a top cover 120B that could be opened or 
closed by means of an air cylinder 120C. Hot air could 
be forced into the housings 120A. With the cover 120B 
open, the melt containing vessel 102 was placed on the 
plinth 102b at the bottom of each housing 120A and a 
lid 102a fixed to the inside surface of the cover 120B 
was fitted over the top of the vessel 102 so that it 
would ensure a heat insulating effect during the 
cooling of the vessel 102. The vessel was adapted for 
transfer into or out of the housing 120A by 
manipulation of the robot 180. 

Thus, the semisolid metal cooling furnace 120 
according to the first embodiment shown in Fig. 44 is of 
a continuous type in which the vessel 102 is carried by 
the conveyor 170 while the furnace is operating and, in 
contrast, the semisolid metal cooling furnace 120 
according to the second embodiment shown in Fig. 4 6 is 
of a batch system. 

As also shown in Fig. 49 , the plinth 102b seated on 
the bottom of the housing 120A is coupled to a 
rotational drive mechanism consisting of a motor 121a, 
a chain 121b, a sprocketl2 lc, a bearing 121d, etc. and 
this drive mechanism allows the vessel 102 to rotate 
freely during its cooling operation. 

Another embodiment of the semisolid metal cooling 
furnace 120 is shown in Fig. 53; it is fitted with not 
only a vibrator 121f that is actuated with an 
ultrasonic oscillator 121e but also a water-cooled 
booster 12 lg and this arrangementwill provide effective 




vibrations to the vessel 102. 

Fig .45 shows the temperature profiles obtained by 
fitting the top and bottom of the vessel with the lid 
102a and the plinth 102b which were each made of a heat 
5 insulator (Al 2 0^ • SiC^ composite) . Obviously, the use 
of the heat insulator produced uniform temperature 
profiles as compared with the case of using no such 
heat insulators. The uniformity in temperature profile 
was further improved by preheating the insulator. 

10 We next discuss the "high-viscosity region" . The 

alloy to be treated in the case at issue is AC4C which 
has a eutectic temperature of 577 t . Within a narrow 
temperature range centered at this eutectic point, the 
fraction solid increases sharply from 56 % to 100 % and 

15 the viscosity will inturn rises noticeably. Hence, the 
region of 56 % to 100 % fraction solid may well be 
considered as the "high-density region" . When no heat 
insulator was used, both the top and bottom portions of 
the vessel were entirely covered with the "high-density 

20 region" and in a case like this, the desired slurry 

would not form smoothly. In contrast, the mere use of 
the heat insulator resulted in a significant decrease 
in the "high-density region", which barely remained at 
the corners. Obviously, the "high-density region" 

25 totally disappeared when the heat insulator was heated. 
In the case under discussion, the heat insulator had 
to be heated but with smaller vessel sizes, there was 
no particular need to heat the heat insulator. 

Magnesium alloys involve difficulty in temperature 

30 management since they have small latent heat and will 

cool rapidly. To deal with this problem, the semisolid 
metal cooling furnace 120 according to the second 
embodiment shown in Fig. 46 have the following 
differences from the first embodiment shown in Fig. 43. 

35 First, silicon nitride was used as the constituent 

material of the .vessel but it was difficult to obtain a 
uniform temperature profile through the slurry in the 
vessel. Under the circumstances, the semisolid metal 




cooling furnace 120 for handling vessels having a 
diameter of more than 100 mm had to be equipped with a 
vessel rotating mechanism as indicated by 120X in 
Fig. 49 or a vessel vibrator as indicated by 120Y in 
5 Fig. 53. (With vessels having diameters ranging 

from 50 mm to less than 100 mm, neither the vessel 
rotating mechanism nor the vessel vibrator had to be 
installed. With vessel diameters of 100 mm - 200 mm, a 
vessel vibrator as indicated by 120Y in Fig. 53 was 

10 necessary and with vessel diameters of more than 200 
mm, a vessel rotating mechanism capable of more 
vigorous agitation as indicated by 120X in Fig. 49 had 
to be employed.) 

It was also necessary to perform the temperature 

15 management in such a manner as to be flexible with 
time; to meet this need, a furnace temperature 
controller as indicated by 120Z in Fig. 47 or 48 was 
installed. (With vessel diametersof less than 100 mm, 
the rate of cooling the slurry was so sensitive to the 

20 variations in the temperature within the furnace that 
it was necessary to control the temperature in the 
furnace by the mechanism shown in Fig. 47. With vessel 
diameters of less than 70 mm, not only the furnace 
temperature controller but also a feedback control 

25 system as shown in Fig. 48 was necessary.) 

In order to permit the addition of these 
capabilities, the semisolid metal cooling furnace 120 
was designed as a batch system of the type shown in 
Fig. 46 and the timing for the transfer of the vessel 

30 into and out of the furnace 120 was controlled by the 
robot 180 . . 

Thus, the present invention provides a method of 
temperature management in which the step of managing 
the temperature in the vessel 102 at an appropriate 
35 level before it is supplied with the molten metal is 
distinctly, separated from the step of managing the 
temperature in the vessel 102 in such a way that the as 
poured molten metal can be cooled at a desired 
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appropriate rate; the invention also provides the 
apparatus for temperature management 104 which is 
capable of automatic performance of these steps in an 
efficient and continuous manner. Also proposed by the 
invention is a system configuration that implements the 
respective steps by means of the vessel temperature 
control section 140 and the semisolid metal cooling 
section 110. 

In a specific embodiment, the vessel temperature 
control section 140 is composed of the vessel cooling 
furnace 150 capable of forced cooling with a 
circulating hot air flow that provides an appropriate 
cooling capacity by controlling the temperature and 
velocity of the air passing through the furnace and the 
vessel heat-retaining furnace 160 which controls the 
temperature of the atmosphere to lie at the target 
value in the vessel 102 and which maintains the vessel 
102 at said temperature of the atmosphere. It should 
be noted here that the temperature to which the vessel 
cooling furnace 150 and the vessel heat-retaining 
furnace 160 should be controlled differs between 
aluminum and magnesium alloys. In the case of aluminum 
alloys, the interior of the vessel cooling furnace 150 
is controlled to lie between room temperature and 300 t 
whereas the interior of the vessel heat-retaining 
furnace 160 is controlled to lie between 50 t and 350 t 

in the case of magnesium alloys, the interior of the 
vessel cooling furnace 150 is controlled to lie between 
room temperature and 350t whereas the interior of the 
vessel heat-retaining vessel 160 is controlled to lie 
between 200 t and 450 I. 

The semisolid metal cooling section 110 is 
composed of the semisolid metal cooling furnace 120 
which is adapted to circulate hot air at an appropriate 
temperature such as to accomplish cooling within the 
shortest possible time that produces the slurry of 
semisolid metal with satisfactory properties and the 
semisolid metal slowly cooling furnace 130 which is 



designed to maintain the slurry of semisolid metal for 
2-5 minutes in a temperature range appropriate for 
shaping such as to be adaptive for the specific molding 
cycle on the molding machine 200. Again, the 
5 temperature to which the semisolid metal cooling 
furnace 120 should be controlled differs between 
aluminum and magnesium alloys. In the case of aluminum 
alloys, the temperature should be controlled to lie 
between 150 t and 350 t and in the case of magnesium 
10 alloys, the temperature should be controlled to lie 
between 200 t and 450 t . On the other hand, the 
interior of the semisolid metal slowly cooling furnace 
130 should be controlled to be at 500 t and above in 
both cases . 

15 If the injection sleeve 202 on the molding machine 

200 is ready to accept the molten metal just at the 
time when the vessel 102 holding the metal has left the 
semisolid metal cooling furnace 120, the metal is 
immediately fed (poured) into the molding machine 200 

20 without being directed into the semisolid metal slowly 
cooling furnace 130. Conversely, if the injection 
sleeve 202 is not ready to accept the molten metal 
since the molding machine 200 is operating, the vessel 
102 leaving the semisolid metal cooling 120 is 

25 transferred to the semisolid metal annealing furnace 
130. 

A first version of the heating system in the 
semisolid metal cooling furnace 120 according to the 
invention is such that either the temperature or the 

30 velocity of the circulating hot air is controlled to 
vary appropriately with, the lapse of time or, 
alternatively, both the temperature and the velocity of 
the hot air are controlled to vary simultaneously with 
the lapse of time. 

35 The first specific embodiment of the heating 

system (furnace temperature control unit 120Z) is as 
shown in Fig. 47 and comprises a hot air line for 
supplying a hot air flow into the semisolid metal 

8o 




cooling furnace 120, an air line from which an air flow 
at. ordinary temperature emerges to combine with the hot 
air to lower its temperature, a damper for controlling 
the quantity of the air flowing through the air line, 
and a damper opening controller. 

The second specific embodiment of the heating 
system (furnace temperature control unit 120Z) is as 
shown in Fig. 48 and comprises a temperature sensor 
installed within the semisolid metal cooling furnace 
120, a hot air line for supplying a hot air flow into 
the furnace, an air line that combines with the hot air 
line, an automatic damper installed on the air line, 
and a damper opening controller that performs feedback 
control on the damper opening on the basis of the data 
obtained by measurement with the temperature sensor. 
The opening of the automatic damper is controlled on 
the basis of the data for the temperature in the 
furnace and the hot air is mixed with an appropriate 
amount of air and fed into the furnace, whereby the 
temperature and the velocity of the circulating hot air 
are controlled such that the molten metal will be 
cooled at a desired rate. 
Example 8 

Qfbh An exam P le of the invention (^a-s — recited in claim * 
will now be described specifically with reference 
to accompanying drawings. The example was implemented 
by the same method as in Example 1, except that Fig. 3 
was replaced by Fig. 54 and the top surface of the 
insulated vessel 30 (or 30A) was fitted with a heat, 
insulating lid 42 (or a ceramics coated metallic lid 
42A) . Thus, Figs'. 1, 2, 54 and 4-7 concern Example 8, 
in which: Fig.l is a diagram showing a process 
sequence for the semisolid forming of a hypoeutectic 
aluminum alloy having a composition at or above a 
maximum solubility limit; Fig. 2 is adiagram showing a 
process sequence for the semisolid forming of a 
magnesium or aluminum alloy having a composition within 
amaximum solubility limit; Fig. 54 shows a process flow 



starting with the generation of spherical primary 
crystals and ending with the molding step; Fig. 4 shows 
diagrammatically the metallographic structures obtained 
in the respective steps shown in Fig. 54; Fig. 5 is an 
5 equilibrium phase diagram for an Al-Si alloy as a 

typical aluminum alloy system; Fig. 6 is an equilibrium 
phase diagram for a Mg-Al alloy as a typical magnesium 
alloy system; Fig. 7 is a diagrammatic representation of 
a micrograph showing the metallographic structure of a 
10 shaped part according to the invention; and Fig. 8 is a 
diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped according to the 
prior art. 

The insulated vessel 30 for holding the molten 

15 metal the temperature of which has dropped to just 

below the liquidus line shall have a heat insulating 
effect in order to ensure that the primary crystals 
generated will spheroidize and have the desired 
fraction liquid after the passage of a specified time. 

20 Problems, however, will occur in certain cases, such as 
where near-eutectic Al-Si alloys and others that are 
prone to form skins are to be held, or where the molten 
metal is so heavy that it has to be held in a semisolid 
condition for more than 10 minutes, or where the height 

25 to diameter ratio of the insulated vessel 30 exceeds 
1:2. Although, there is no problem with the internal 
microstructure of the molten metal, a solidified layer 
is prone to grow on the surface of the melt and can 
potentially cover the top of the semisolid metal, thus, 

3 0 making it difficult to insert the metal into the 

injection sleeve 40. To deal with this situation, the 
top of the insulated vessel 30 is fitted with the heat 
insulating lid 42 in order to ensure against 
solidification from the surface of the molten metal 

35 which is being held within the insulated vessel 30, 

thereby enabling the metal to be cooled while providing 
uniformity in temperature throughout the metal. 

The constituent material of the insulated vessel 
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30 and the heat-insulating lid 42 is in no way limited 
to metals and those which have a heat-retaining 
property and which yet wet with the melt only poorly 
are preferred. If a gas-permeable ceramic vessel is to 
be used as the insulated vessel 30 and the heat- 
insulating lid 42 for holding magnesium alloys which 
are easy to oxidize and burn, the exterior to the 
vessel is preferably filled with a specified atmosphere 
(e. g. an inert or vacuum atmosphere). For preventing 
oxidation, it is desired that Be or Ca is preliminarily 
added to the molten metal. The shape of the insulated 
vessel 30 and the heat-insulating lid 42 is by no means 
limited to a tubular or cylindrical form and any other 
shapes that are suitable for the subsequent forming 
process maybe adopted. The molten metal need not be 
poured into the insulated vessel 30 but it may 
optionally be charged directly into the ceramic 
injection sleeve 40. 

Table 4 shows how the presence or absence of the 
heat insulating lid 42 affected the procedure of making 
shaped parts. Comparative Samples 19 - 22 refer to the 
case of holding the molten metal without the insulating 
lid. In Comparative Sample 19, the insulated vessel 30 
held the melt of an alloy that was prone to form a skin 
and, hence, a solidified layer formed over the 
semisolid metal, making it impossible to recover the 
metal from the vessel 30. In Comparative Sample 20, it 
was attempted to have the semisolid metal inserted into 
the injection sleeve with the molding temperature 
lowered; in Comparative Sample 22, the metal was unduly 
heavy . 

Hence, in both cases, the holding time was 
prolonged and the result was substantially the same as 
with Comparative Sample 1 shown in Table 1. In 
Comparative Sample 21, the height-to-diameter ratio of 
the insulated vessel 3 0 was greater than 1:2 and,, 
hence, the temperature profile through the semisolid 
metal was so poor that the result was substantially the 




same as with Comparative Sample 1 shown in Table 1 . 

Invention Samples 23 - 26 refer to the case of 
using the insulated vessel 30 fitted with the heat- 
insulating lid 42; they showed better results than 
Comparative Samples 19 - 22 in the recovery of the 
semisolid metal. 
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Example 9 

fafof An example of the invention Q ao recite d in claim — * 

^3r±) will now be described with reference to 
A 

accompanying Figs . 3 , 4 and 55 - 58, in which: Fig. 55 
is a diagram showing a process sequence for the 
semisolid forming of a zinc alloy of a hypoeutectic 
composition; Fig. 3 shows a process flow starting with 
the generation of spherical primary crystals and ending 
with the molding step; Fig. 4 shows diagrammatically the 
metallographic structures obtained in the respective 
steps shown in Fig. 3; Fig. 56 is an equilibrium phase 
diagram for a binary Zn-Al alloy as a typical zinc 
alloy system; Fig. 57 is adiagrammatic representation of 
a micrograph showing the metallographic structure of a 
shaped part according to the invention; and Fig. 58 is a 
diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the prior art. 

As shown in Figs .55 and 56, the first step of the 
process according to the invention comprises: 

(1) holding the melt of a hypoeutectic zinc alloy 
superheated to less than 300t above the liquidus 
temperature and contacting the melt with a surface of a 
jig at a lower temperature than its melting point so as 
to generate crystal nuclei; or alternatively, 

(2) holding the melt of a zinc alloy superheated 
to less than lOOt above the liquidus temperature. 

The cooled molten alloy prepared in (1) is poured 
into an insulated vessel having a heat insulating 
effect and, in the case of (2) , the melt is directly 
poured into the insulated vessel without being cooled 
with a jig. The melt is held within the insulated 
vessel for a period from 5 seconds to 60 minutes at a 
temperature not higher than the liquidus temperature 
but higher than the eutectic or solidus temperature, 
.whereby, a large number of fine spherical primary 
crystals are generated in the alloy, which is then 
shaped at aspecified liquid fraction. 
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The term "a specified fraction liquid" means a 
relative proportion of the liquid phase which is 
suitable for pressure forming. In high-pressure 
casting operations such as die casting and squeeze 
casting, the fraction liquid ranges from 20 % to 90 %, 
preferably from 30 % to 70 %. If the fraction liquid 
is less than 30 %, the formability of the raw material 
is poor; above 70 %, the raw material is so soft that 
it is not only difficult to handle but also less likely 
to produce a homogeneous micro-structure. In extruding 
and forging operations, the fraction liquid ranges from 
0.1 % to 70 %, preferably from 0.1 % to 50 %, beyond 
which an inhomogeneous structure can potentially occur. 

The "insulated vessel" as used in the invention is 
a metallic or nonmetallic vessel, or a metallic vessel 
having a surface coated with a nonmetallic material or 
a semiconductor, or a metallic vessel compounded of a 
nonmetallic material or semiconductor, which vessels 
are adapted to be either heatable or coolable from 
either inside or outside. 



The specific procedure of semisolid metal forming 



described in Example 1. 

The casting, spheroidizing and molding conditions 

that are respectively set for the steps shown in Fig. 3, 

namely, the step of pouring the molten metal on to the 

cooling jig 2 0 ,- thc^ step of generating and spheroidizing 

primary crystals and the forming step are the same as 

set forth in Example 1. The criticality of the ^ 

numerical limitations -s-ei — f^rt hf j n nln i mi — 2-arr d^ is 

A 

also the same as set forth in Example 1. 



prone to form equiaxed crystals and, hence, provide 
comparative ease inproducing fine spherical primary 
crystals without using the cooling jig 20. With such 
zinc alloys, the degree of superheating is adjusted to. 
less than 100 X above the liquidus line in order to 
ensure that the alloy poured into the insulated vessel 




9 is essentially the same as 



It should be noted here that zinc alloys are 



30 having a heat-insulating effect is rendered either 
liquid to have crystal nuclei or partially solid, 
partially liquid to have crystal nuclei at a 
temperature equal to or higher than the molding 
temperature. If the temperature of the melt as poured 
into the insulated vessel 30 is unduly high, the 
crystal nuclei once generated will dissolve again or 
coarse primary crystals will form and, in either case, 
it is impossible to produce the desired semisolid 
structure. In addition, so much time will be taken for 
the temperature of the melt to decrease to establish a 
specified fraction liquid that the operating efficiency 
becomes low. Another inconvenience is that the poured 
melt M is oxidized or burnt at the surface. 

Table 5 shows the conditions of various samples of 
semisolid metal to be shaped, as well as the qualities 
of shaped parts. As shown in Fig. 3, the shaping 
operation consisted of inserting the semisolid metal 
into an injection 

sleeve and subsequent forming on a squeeze casting 

machine. The forming conditions were as follows: 

2 

pressure, 950 kgf/cm ; injection speed, 1.0 m/s ; mold 
temperature, 200 t.The product shaped parts were flat 
plates 100 mm wide and 200 mm long, with the thickness 
varying at 2 mm, 5 nun and 10 mm in the longitudinal 
direction . 
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In Comparative Sample 9, the temperature of jig 20 
with which the melt M was contacted was so high that 
the number of crystal nuclei generated was insufficient 
to produce fine spherical primary crystals; instead, 

5 coarse unspherical primary crystals formed. In 

Comparative Sample 10, the casting temperature was so 
high that very few crystal nuclei remained within the 
ceramic vessel 30, yielding the same result as with 
Comparative Sample 9. In Comparative Sample 11, the 

0 holding time was so long that the fraction liquid in 

the metal to be shaped was low, yielding a shaped part 
of poor appearance. In addition, the size of primary 
crystals was undesirably large. In Comparative Sample 
12, the holding time within the ceramic vessel 30 was 

5 short whereas the fraction liquid in the metal to be 

shaped was high; hence, many segregations of components 
occurred within the shaped part as shown in Fig. 58. 
With Comparative Sample 13, the insulated vessel 30 was 
a metallic container having a very small heat 

0 insulating effect, so the dendritic solidified layer 
forming on the inner surface of the vessel 30 would 
enter the spherical primary crystals generated in the 
central part of the vessel, yielding an inhomogeneous 
structure involving segregations. 

5 In each of Invention Samples 1-8, a homogeneous 

microstructure comprising fine (< 200 ii m) spherical 
primary crystal was obtained to enable the production 
of a shaped part having good appearance. 
Example 10 

0 &(0*f An exam Pl£ of the invention (as — recite d — 1« — claim * 
^TZ) will now be described with reference to 

A 

accompanying Figs. 59 - 64, in which: Fig. 59 is a 
diagram showing a processsequence for the semisolid 
forming of a hypereutectic Al-Si alloy starting with 
the preparation of a semisolid metal and ending with 
the molding step; Fig. 60 is a diagram showing a process 
flow starting with the generation of very fine primary 
Si crystals and ending with the molding step; Fig. 61 




shows diagrammatically "the metallographic structures 
obtained in the respective steps shown in Fig. 60; 
Fig. 62 is an equilibrium phase diagram for a binary Al- 
Si alloy; Fig. 63 is a diagrammatic representation of a 
5 micrograph showing the metallographic structure of a 

shaped part according to the invention; and Fig. 64 is a 
diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the prior art. 

10 As shown in Figs. 59 and 62, the process of the 

invention starts with superheating the melt of a 
hypereutectic Al-Si alloy to less than 300t above the 
liquidus line. The thus superheated alloy is contacted 
with a jig at lower temperaturethan its melting point 

15 so as to generate crystal nuclei within the alloy 
solution; the alloy is then cooled in an insulated 
vessel until a specified fraction liquid is 
established, with it being held either at a temperature 
between the liquidus and eutectic temperatures or at 

2o the eutectic temperature for a period from 5 seconds to 
60 minutes, thereby generating a large number of fine 
primary crystals. The hypereutectic Al-Si alloy 
permits only a small amount of primary crystals to be 
crystallized and, hence, it has high fraction liquid in 

25 a semisolid condition at temperatures exceeding the 
eutectic point. Therefore, if the desired fraction 
liquid is low, the alloy which has been heated to its 
eutectic temperature has to be held at that temperature 
for a sufficient time to allow for the progress of 

30 solidification (eutectic reaction) . 

According to the invention, semisolid metal 
forming will proceed by the following specific 
procedure. In step (1) of the process shown in Figs. 60 
and 61, a complete liquid form of metal M is contained 

35 in a ladle 10. In step (2), the metalis cooled with a 
jig 20 tp, generate crystal nuclei and the melt is then 
poured into a ceramic vessel 30 (or ceramics-coated 
vessel 30A) having a heat insulating effect so as to 




-92- 



*9 



produce an alloy having a large number of crystal 
nuclei which is of a composition just below the 
liquidus line* In subsequent step (3), the alloy is 
held partially molten within the insulated vessel 30 
5 (or 30A) . In the meantime, very-fine primary Si 

crystals result from the introduced crystal nuclei 
[step (3) -a] and grow into granules together with the 
surrounding primary a as the fraction solid increases. 
Metal M thus obtained at a specified fraction 
10 liquid maybe inserted into a die casting injection 

sleeve 40 [step (3)-b] and thereafter pressure formed 
within a mold cavity 50a in a die casting machine A to 
produce a shaped part [step (4) ] . 

The semisolid metal forming process of the 
25 invention shown in Figs. 59 , 60 and 61 has obvious 
differences from the conventional thixocasting and 
rheocasting methods. In the invention method, the 
primary crystals that have been crystallized within a 
temperature range for the semisolid state are not 
2o ground into spherical grains by mechanical or 

electromagnetic agitation as in the 'prior art but the 
large number of primary crystals that have been 
crystallized and grown from the introduced crystal 
nuclei with the decreasing temperature in the range for 
25 the semisolid state and with the lapse of the time of 

holding at the eutectic point are continuously rendered 
granular by the heat of the alloy itself (which may 
optionally be supplied with external heat and held at a 
desired temperature). In addition, the semisolid metal 
3 0 forming method of the invention is very convenient 

since it does not involve the step of partially melting 
billets by reheating in the thixocasting process. 

The casting, spheroidizing and molding conditions 
that are respectively set for the steps shown in 
35 Fig. 59, namely, the step of pouring the molten metal on 
to the cooling jig 20 and the step pf generating and 
spheroidizing primary crystals, are set forth below 
more specifically. Also discussed below is the 



3 



criticality of "the numerical limitations set forth in 
claim N 32 . 

If the casting temperature is at least 300 t 
higher than the melting point or if the surface 
temperature of jig 20 is not lower than the melting 
point, the following phenomena will occur: 

(1) only a few crystal nuclei are generated; 

(2) the temperature of the melt M as poured into 
the insulated vessel having a heat insulating effect is 
higher than the liquidus temperature and, hence, the 
proportion of the ^remaining crystal nuclei is low 
enough to produce large primary crystals. 

To avoid these problems, the casting temperature 
to be employed in the invention is controlled to be 
such that the degree of superheating above the liquidus 
line is less than 300 t whereas the surface temperature 
of jig 20 is controlled to be lower than the melting 
point of alloy M. Primary crystals of an even finer 
size can be produced by ensuring that the degree of 
superheating above the liquidus line is less than 100 t 
and by adjusting the surface temperature of jig 20 to 
be at least 50 t lower than the melting point of alloy 
M. It should, however, be noted that in the presence of 
P as a refiner of primary Si crystals, the molten metal 
should be superheated to at least 30 t above the 
liquidus line; if the temperature of the melt is unduly 
low, the grains of AlP serving as a refiner will 
agglomerate to become no longer effective. 

In order to ensure that the alloy solution at a 
specified fraction liquid will form a modified eutectic 
structure after solidification, thereby providing 
satisfactory mechanical properties, either Sr or Na or 
both are added. If the P addition is less than 0.005 
%, it is not very effective in refining the primary Si 
crystals; the effect of P is saturated at 0.03 % and no 
further improvement is expected beyond 0.03 %. Hence, 
the P addition is controlled to lie between 0.005 % and 
0.03 %. If the Sr addition is less than 0.005 %, it is 
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not very effective in modifying the eutectic Si 
structures; beyond 0.03 %, an Al-Si-Sr compound will 
crystalize out to cause deterioration in the mechanical 
properties of the alloy. Hence, the Sr addition is 
controlled to lie between 0.005 % and 0.03%. If the Na 
addition is less than 0.001 %, it is not very effective 
in modifying the eutectic Si structures; beyond 0.01 %, 
coarse eutectic Si grains will form. Hence, the Na 
addition is controlled to lie between 0.001 % and 0.01 
% . 

Table 6 sets forth the conditions for the 
preparation of semisolid metal samples and the results 
of evaluation of their metallographic structures by 
microscopic examination . 
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In Comparative Sample 7, the temperature of jig 
20 with which the melt M was contacted was so high that 
the number of crystal nuclei generated was insufficient 
to produce fine primary crystals; instead, coarse 
primary crystals formed. In Comparative Sample 8, the 
casting temperature was so high that very few crystal 
nuclei remained within the ceramic vessel 30, yielding 
the same result as with Comparative Sample 7 . In 
Comparative Sample 9 , the holding time was so long that 
the fraction liquid in the metal to be shaped was low, 
making the alloy unsuitable for shaping. In addition, 
the size of primary crystals was undesirably large. In 
Comparative Sample 10, the holding time within the 
ceramic vessel 30 was short whereas the fraction liquid 
in the metal to be shaped was high; hence, many 
segregations of components occurred within the shaped 
part. In Comparative Sample 11, solidification 
occurred within the insulated vessel and many coarse 
primary crystals were generated in the form of a 
rectangular rod (see Fig. 64). 

In each of Invention Samples 1-6, there was 
obtained a homogeneous microstructure having fine (< 
ca. 150pm) granular primary crystals that were adapted 
for pressure forming. 
Example 11 

£lfO An example of the invention (ae — recited in claim- 
-*^) will now be described in detail, with reference to 
Figs.l, 3, 4 and 65 - 67, in which: Fig.l is a diagram 
showing a process sequence for the semisolid forming of 
an Al-Mg alloy; Fig. 3 shows' a process flow starting 
with the generation of granular primary crystals and 
ending with the molding step; Fig. 4 shows 
diagrammatically the metallogrphic structures obtained 
in the respective steps shown in Fig. 3; Fig. 65 is an 
equilibrium phase diagram for a binary Al-Mg alloy; 
Fig. 66 is a, diagrammatic representation of a micrograph 
showing the metallographic structure of a shaped part 
according to the invention; and Fig. 67 is a 
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diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the prior art. 

As shown, in Figs . 1 and 65, the invention recited ■ 



(1) the melt of an Al-Mg alloy held superheated 
to less than 300t above the liquidus line is contacted 
with a jig at a lower temperature than its melting 
point, thereby generating crystal nuclei in the alloy 
solution, and the molten metal is poured into an 
insulated vessel having a heat insulating effect; or 



element to promote the generation of crystal nuclei and 
that is held superheated to less than lOOt above the 
liquidus temperature is directly poured into the 
insulated vessel without cooling the melt with a jig. 

The poured metal is held within the insulated 
vessel at a temperature not higher than the liquidus 
temperature but higher than the eutectic or solidus 
temperature for a period from 5 seconds to 60 minutes 
until a specified liquid fractionis established, 
whereby a large number of fine granular primary 
crystals are generated to produce a semisolid Al-Mg 
alloy at the specified fraction liquid. 

The specific procedure of semisolid metal forming 
to be performed in Example 11 is essentially the same 
as described in Example 1. 

Silicon (Si) is added in order to promote the 
spheroidization of the generated granular primary 
crystals. If the Si addition is less than 0.3 %, the 
intended effect in promoting the spheroidization is not 
expected; adding more than 2.5 % of Si will merely 
result in deteriorated properties of the alloy and no 
further improvement in spheroidization is expected. 
Hence, the Si addition is controlled to lie between0.3 
% and 2.5$. 

It should be noted that the Al-Mg alloy of the 
invention may incorporate up to 1 % of Mn or up to 0.5 



j.n c 




s such that: 



(2) the melt of an Al-Mg alloy that contains an 
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% of Cu with a view to improving its strength. 

Table 7 sets forth the conditions for the 
preparation of semisolid metal samples and the results 
of evaluation of their metallorgraphic structures by 
5 microscopic examination. 
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In Comparative Sample 9, the temperature of jig 2 0 
with which the melt M was contacted was so high that 
the number of crystal nuclei generated was insufficient 
to produce fine primary crystals; instead, coarse 
primary crystals formed. In Comparative Sample 10, the 
casting temperature was so high that very few crystal 
nuclei remained within the ceramic vessel 30, yielding 
the same result as with Comparative Sample 9 . In 
Comparative Sample 11, the holding time was so long 
that the fraction liquid in the metal to be shaped was 
low, making the alloy unsuitable for shaping. In 
addition, the size of primary crystals was undesirably 
large. In Comparative Sample 12, the holding time 
within the ceramic vessel 30 was short whereas the 
fraction liquid in the metal to be shaped was high; 
hence, only coarse primary crystals formed. In 
addition, the high fraction liquid caused many 
segregations of components within the shaped part. In 
Comparative Sample 13, the hot molten metal was 
directly poured into the insulated vessel, where it was 
solidified as such, yielding coarse, dendritic primary 
crystals (see Fig. 67) . 

In each of Invention Sample 1-8, there was 
obtained a homogeneous microstructure having fine ( < 
ca. 100 fixa) granular primary crystals that were adapted 
for pressure forming. 
Example 12 

An example of the invention (-as — ee^4-ted Ln — claims- 



to accompanying Figs.l, 2, 68 and 4-8, in which: 
Fig.l is a diagram showing a process for the semisolid 
forming of a hypoeutectic aluminum alloy haying a 
composition at or above a maximum solubility limit; 
Fig. 2 is a diagram showing a process sequence for the 
semisolid forming of a magnesium or aluminum alloy 
having a composition within a maximum solubility limit; 



generation of spherical primary crystals and ending 




will now be described in detail with reference 



A 




flow starting with the 
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with the molding step; Fig -4 shows diagrammatically the 
metallographic structures obtained in the respective 



diagram for an Al-Si alloy as a typical aluminum alloy 
system; Fig. 6 is an equilibrium phase diagram for a Mg- 
Al alloy as a typical magnesium alloy system; Fig. 7 is 
a diagrammatic representation of a micrograph showing 
the metallographic structure of a shaped part according 
to the invention; and Fig. 8 is a diagrammatic 
representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the prior art. 

As shown in Figs.l, 2, 5^ and 6, the ^nay^ntd^oj i 
r n m'tnH in r*1m'm, g_^4 an ^-^^rnmprises the following: 

A 

the melt of a hypoeutectic aluminum alloy having a 
composition at or above a maximum solubility limit or 
the melt of a magnesium or aluminum alloy having a 
composition within a maximum solubility limit is held 
superheated to less than 300 t above the liquidus 
temperature; either melt is contacted with a surface of 
a jig at a lower temperature than its melting point, 
thereby generating crystal nuclei in the alloy 
solution; the melt is then poured into an insulated 
vessel having a heat insulating effect, in which vessel 
the melt is held at a temperature not higher than the 
liquidus line but higher than the eutectic or solidus 
temperature for a period from 5 seconds to 60 minutes, 
whereby a large number of fine spherical primary 
crystals are generated in the melt, which is 
subsequently shaped at a specified fraction liquid. 

The "specified fraction liquid" ranges from 0.1 % 
to 70 %, preferably from 10 % to 70 %. 

The term "insulated vessel" as used herein refers 
to either a metallic or nonmetallic vessel or a 
metallic vessel either composited or coated with a 
nonmetallic material, whigh vessels are adapted to be 
heatable or coolable from either inside or outside. 

According to the invention, semisolid metal 



steps shown 




an equilibrium phase 
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10 



forming will proceed by the following specific 
procedure. In step (1) of the process shown in Figs ,68 
and 4, a complete liquid form of metal M is contained 
in a ladle 10. In step (2), the metal is cooled with a 
jig 20 to generate crystal nuclei from the low- 
temperature melt (which may optionally contain an 
element that is added to promote the generation of 
crystal nuclei) and the metal is then poured into a 
ceramic vessel 30 having a heat insulating effect, 
thereby producing an alloy of a composition just below 
the liquidus line which has a large number of crystal 
nuclei. In subsequent step (3), the alloy is held 
partially molten within the insulated vessel 30 (or 
30A) . In the meantime, fine granular (nondendritic) 
15 primary crystals result from the introduced crystal 
nuclei [step (3) -a] and grow into spherical primary 
crystals as the fraction solid increases with the 
decreasing temperature of the melt [steps (3)-b and (3)- 
c] . Metal M thus obtained which" has a specified 
20 fraction liquid is inserted into container 82 on an 

extruding machine 80 and extruded through a die 84 by 
pushing with a stem 86 under high pressure, yielding a 
shaped part P . 

After the generation of the crystal nuclei, the 
25 semisolid metal M in the insulated vessel 30 maybe 

inserted into the container 82 on ,the extruding machine 
80 by accommodating it into the container 82 in such a 
way that the part of it which faces the bottom of the 
insulated vessel 30 and which has a comparatively small 
30 portion of the impurities is directed toward the die 
84; upon extrusion through the die, one can obtain a 
shaped part of high quality which has only a small 
impurity content. Alternatively, the surface (top 
surface) of the semisolid metal M may be freed of the 
3 5 oxide before it is recovered from the insulated vessel 
30. and the thus cleaned semisolid metal is charged into 
the container 82 on the extruding machine 80. 

The semisolid metal forming process of the 
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invention shown in Figs . 1 , 2, 68 and 4 have obvious 
differences from the conventional thixocasting and 
rheocasting methods . 

The casting, spheroidizing and molding conditions 
5 that are respectively set for the steps shown in 

Fig. 68, namely, the step of pouring the molten metal on 
to the cooling jig 20, the step of generating and 
spheroidizing primary crystals and the forming step are 
the same as set forth in Example 1. 

10 Table 8 sets forth the conditions for the 

preparation of semisolid metal samples and the 
qualities of shaped parts. As Fig. 68 shows, the 
forming step consisted of inserting the semisolid metal 
into the container and extruding the same. The 

15 extruding conditions were as follows: extruding 
machine, 800 t; extruding rate, 80 m/min; billet 
diameter, 75 mm; extrustion ratio, 20. 

In Comparative Sample 1, the temperature of jig 2 0 
with which the melt M was contacted was so high that 

20 the number of crystal nuclei generated was insufficient 
to produce fine spherical primary crystals; instead, 
coarse unspherical primary crystals formed as shown in 
Fig. 7. 

In Comparative Sample 2, the casting temperature 
25 was so high that very few crystal nuclei remained 

within the ceramic vessel 30, yielding the same result 
as with Comparative Sample 1. 

In Comparative Sample 3, the holding time was so 
long that the fraction liquid in the metal to be shaped 
30 was low, yielding a shaped part of poor appearance. In 
addition, the size of primary crystals was undesirably 
large . 

In Comparative Sample 4, the holding time within 
the ceramic vessel 30 was short whereas the fraction 
35 liquid in the metal to be shaped was high; hence, only 
dendritic prijnar.y crystals formed. In addition,, the 
high fraction liquid caused many segregations of 
components within the shaped part. 





With Comparative Sample 5 the insulated vessel 30 
was a metallic container having a small heat insulating 
effect, so the dendritic solidified layer forming on 
the inner surface of the vessel 30 would enter the 
spherical primary crystals generated in the central 
part of the vessel, yielding an inhomogeneous structure 
involving segregations • 
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In Comparative Sample 6, the fraction liquid in 
the metal to be shaped was so high that result was the 
same as with Comparative Sample 4. 

With Comparative Sample 7, the jig 20 was not 
used; the starting alloy did not contain any grain 
refiners, so the number of crystal nuclei generated was 
small enough to yield the same result as with 
Comparative Sample 1. 

In each of invention Samples 8 - 18, a homogeneous 
mlcrostructure comprising fine (< 150 Jim) spherical 
primary crystals was obtained to enable the production 
of a shaped part having good appearance. 
Example 13 



reference to accompanying Figs. 69 - 73, in which Fig. 69 
shows two process sequences for the semisolid forming 
of a hypoeutectic aluminum alloy; Fig. 70 shows a 
process flow starting with the generation of spherical 
primary crystals and ending with the molding step; 
Fig. 71 shows diagrammatically the metallographic 
structures obtained in the respective steps shown in 
Fig. 70; Fig. 72 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a 
shaped part according to the invention; and Fig. 73 is a 
diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to 
the prior art. 

The invention concerns a process which starts with 
either one of the following steps: 

(1) two or more liquid alloys having different 
melting points that are held superheated to less than 
50t above the liquidus temperature are mixed either 
directly within an insulated vessel having a heat 
insulating effect or along a trough in a channel into 
the insulated vessel, thereby generating crystal nuclei 
in the alloy solution (see Fig. 69); or 

(2) two or more metals to be mixed are 




ji .^cample of the invention (ars — le ' ciLed in cLalmo * 
— will now be described in detail with 
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preliminarily contacted with respective cooling plates 
so as to generate crystal nuclei and the metals that 
have attained temperatures just above or below the 
liquidus temperature are mixed either directly within 
an insulated vessel having a heat insulating effect or 
along a trough in a channel into the insulated vessel, 
thereby generating more crystal nuclei (see Fig. 70). 

Either of the metals thus obtained is held within 
the insulated vessel for a period from 5 seconds to 60 
minutes as it is cooled to a molding temperature where 
a specified fraction liquid is established, whereby the 
fine grains that have formed within the alloy solution 
are crystallized out as no dendrites, and the metal is 
then fed into a mold, where it is subjected to pressure 
forming . 

The "specified fraction liquid" and the "insulated 
vessel " have the same meanings as defined in Example 
1 . 

According to the invention, semisolid metal 
forming will proceed by the following specific 
procedure. In step (1) of the process shown in Figs. 70 
and 71, two complete liquid forms of metals MA and MB 
are contained in ladles 10 and poured into a ceramic 
container 30 (or ceramic-coated metal container30A) 
which is an insulated vessel having a heat insulating 
effect. As a result, an alloy having a large number of 
crystal nuclei is obtained at a temperature either just 
below or above the liquidus line. Molten metals MA and 
MB may be poured either simultaneously or successively 
with one coming after the other. Alternatively, molten 
metals MA and MB may be poured into partitioned 
compartments in the insulated vessel 30 and the 
partition is removed all of a sudden so as to achieve 
mutual contact between the two metals. If desired, 
either molten metal MA or MB or both may be 
preliminarily contacted with a cooling jig 20 so as ,to 
have a number of crystal nuclei generated in the metal 
or metals and this is effective for the purpose of 
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producing a large number of crystals [step (1A) in 
Fig. 70] . 

In subsequent step (2) , the alloy mixture MC is 
held partially molten within the insulated vessel 30. 
In the meantime, extremely fine primary crystals result 
from the introduced crystal nuclei [step (2) -a] and 
grow into spherical primary crystals as the fraction 
solid increases with the decreasing temperature of the 
alloy mixture MC [steps (2)-b and (2)-c]. Alloy 
mixture MC thus obtained at a specified fraction liquid 
is inserted into an injection sleeve 40 [step (2)-d] 
and, thereafter, pressure formed within a mold cavity 
50a on a die casting machine^to produce a shaped part 
[step (3) ] . 

The semisolid metal forming process of the 
invention shown in Figs. 69, 70 and 71 has obvious 
differences from the conventional thixocasting and 
rheocasting methods . 

The casting, spheroidizing and molding conditions 
that are respectively set for the steps shown in 
Fig. 69, namely, the step of pouring the molten metal on 
to the cooling jig 20, the step of generating and 
spheroidizing primary crystals and the forming step, 
are set forth below. Also discussed below is the 
criticality of the numerical limitations set forth in 
claims 36 and 37 . 

If the molten (liquid) metals MA and MB to be 
mixed have been superheated to more than 50t above the 
liquidus temperature, the temperature of either metal 
just after the mixing will neither be just above or 
below the liquidus temperature of the alloy mixture MC 
to be eventually formed. If the mixed metals are held 
within the insulated vessel 30, amicrostructure 
consisting of coarse dendrites will form rather than a 
structure of uniform, near-spherical nondendritic 
crystals. To avoid these problems, the temperatures of. 
molten (liquid) metals MA and MB to be mixed need be 
superheated to no more than 50 X above the liquidus 
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temperature- The "temperature either just above or 
below the liquidus temperature of the metal mixture *to 
be eventually formed" means a temperature within the 
liquidus temperature ± 15t - The liquid metals to be 
5 mixed shall include alloys. The insulated vessel 30 
for holding the metals the temperature of which have 
dropped to be within -the defined range after the mixing 
shall have a heat insulating effect in order to ensure 
that the crystal nuclei generated will grow into 

IQ nondendritic (near-spherical) primary crystals and have 
the desired fraction liquid after a specified time. The 
constituent material of *the insulated vessel is in no 
way limited to metals and those which have a heat- 
retaining property and which yet wet with the melt only 

15 poorly are preferred. If a gas-permeable ceramic 

container is to be used as the insulated vessel 30 for 
holding magnesium alloys which are prone to oxidize and 
burn, the exterior to "the vessel is preferably filled 
with a specified atmosphere (e. g. an inert or vacuum 

2 0 atmosphere) . 

If the holding time within the insulated vessel is 
less than 5 seconds, it is not easy to attain the 
temperature for the desired fraction liquid and it is 
also difficult to generate spherical primary crystals. 
25 What is more, semisolid metals of a uniform temperature 
profile cannot be attained. If the holding time exceeds 
60 minutes, coarse spherical primary crystals will be 
generated . 

It should also be mentioned that if the fraction 

3 0 liquid in the alloy which is about to be shaped by high- 

pressure casting is less than 20 %, the resistance to 
deformation during the shaping is so high that it is 
not easy to produce shaped parts of good quality. If 
the fraction liquid exceeds 90 %, shaped parts having a 
35 homogeneous structure cannot be obtained. Therefore, 
as already .mentioned, the fraction liquid in .the alloy 
to be shaped is preferably controlled to lie between 20 
% and 90 %. More preferably, the fraction liquid 




should be adjusted to range between 3 0 % and 70 % in 
order to ensure that shaped parts of high quality can 
easily be produced by pressure forming. The means of 
pressure forming are in no way limited to high-pressure 
5 casting processes typified by squeeze casting and die 
casting and various other method of pressure forming 
may be adopted, such as extruding and casting 
operations . 

By mixing two or more aluminum alloys having 

10 different liquidus temperature and holding the mixture 
within the insulated vessel 30, one can produce a 
semisolid metal of a fine spherical structure. If it 
is desired to generate more crystal nuclei so as to 
yield uniform and more fine-grained spherical structure 

15 in aluminum alloys, Ti and B may be added to the 

alloys. If the Ti content of the alloy mixture is less 
than 0.003 %, the intended refining effect of Ti is not 
attained; beyond 0.30 %, a coarse Ti compound will form 
to cause deterioration in ductility. Hence, the Ti 

20 addition is controlled to lie between 0.003 % and 0.30 
%. Boron (B) in the mixed metal MC cooperates with Ti 
to promote the refining of crystal grains but its 
refining effect is small if the addition is less than 
0.0005 %; on the other hand, the effect of B is 

25 saturated at 0.01 % and no further improvement is 
expected beyond 0.01 %. Hence, the B addition is 
controlled to lie between 0.0005 % and 0.01 %. 

The constituent material of the jig 20 having the 
cooling zone with which the molten metals MA and MB are 

30 to be contacted before they are mixed is not limited to 
any particular types as long as it is capable of 
lowering the temperatures of the melts. A jig that is 
made of a highly heat-conductive metal such as copper, 
a copper alloy, aluminum or an aluminum alloy and which 

35 is controlled to provide a cooling effect for 

maintaining temperatures, below a specified, level is 
particularly preferred since it allows for the 
generation of many crystal nuclei. In order to ensure 




that the temperatures of the molten metals MA and MB 
which have been contacted with the cooling jig 20 are 
either just above or below the respective liquidus 
. lines, the molten alloys held superheated to less than 
5 300t above the solidus temperaturesare desirably 
contacted with a surface of the jig at a lower 
temperature than the melting points of said alloys. 
Preferably, the degree of superheating above the 
liquidus temperatures lie less than lOOt , more 

10 preferably less than 50X . 

Table 9 sets forth the conditions for the 
preparation of semisolid samples and the qualities of 
shaped parts. As shown in Fig. 70, the shaping 
operation consisted of inserting the semisolid metal 

15 into an injection sleeve and subsequent forming on a 

squeeze casting machine. The forming conditions were 

2 

as follows: pressure, 950 kgf/cm ; injection speed, 

I. 5m/s; mold cavity dimensions, 100 x 150 x 10; mold 
temperature, 230 t . 

20 l n Comparative Sample 9, the holding time was so 

long that undesirably large primary crystals formed. 
In Comparative Sample 10, the temperatures of the 
alloys to be mixed were high and so was the temperature 
of the resulting mixture; hence, the number of the 

25 crystal nuclei generated was small enough to produce 

only dendritic primary crystals. In Comparative Sample 

II, the holding time was short whereas the liquid 
fraction in the alloy mixture was high and this caused 
extensive segregations in the interior of the sharped 

3 0 part. 
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In each of Invention Samples 1-8, a homogeneous 
microstructure comprising fine (< 150 jim) spherical 
primary crystals was obtained to enable the production 
of a shaped part having no internal segregations. 
Example 14 „ p 



in Example 1, except that at the end of the step of 

holding the alloy partially molten within the insulated 

vessel 30 (or 30A) , an oxide W forming on the semisolid 

metal was removed by means of a metallic or nonmetallic 

jig [step (3)-c in Fig. 74], 

As also shown in Fig. 74, the shaping operation 

consisted of inserting the semisolid metal into an 

injection sleeve and subsequent forming on a squeeze 

casting machine. The forming conditions were as 

2 

follows: pressure, 950 kgf/cm ; injection speed, 1.5 
m/s; mold cavity dimensions, 100 x 150 x 10; mold 
temperature, 230T . 

Table 10 shows how the quality of shaped parts was 
affected by the presence or absence of the oxide. 
Obviously, Invention Samples 23 - 26 had better results 
than Comparative Samples 21 and 22. 




and it was implemented by the same method as 



the invention aa — recited in 
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